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CHAPTER I
INTRODUCTION: REVIEW OF LITERATURE
Importance of Cotton
Upland cotton (Gossypium hirsutum L.) is an important agronomic crop grown
throughout the world for the use of its fiber and seed. It has been grown and used in
textiles for at least 7,000 years in South America, and was first planted in North America
in 1556 (National Cotton Council, 2010). Cotton is the most important crop for fiber
production (National Cotton Council, 2010; USDA-NASS, 2017a). In the United States,
3.8 million hectares of cotton were planted and 3.4 million hectares were harvested in
2016 (USDA-NASS, 2017a). This translated to about 3.7 million metric tons of fiber with
a production value of over 5.5 billion dollars (USDA-NASS, 2017a). Among the 17
cotton growing states in the US, Texas, Georgia, and Mississippi planted the highest
hectarage in 2016 (USDA-ERS, 2017a). Mississippi contributed about 176,038 hectares
of cotton to the national hectarage and about 218,000 metric tons of lint to production in
2016 (USDA-NASS, 2017b).
Cotton is grown primarily for fiber production, but cotton seed is also marketed.
The fiber is graded for quality, and then marketed to buyers who use the fiber for making
various textiles used for clothing, furniture, and other fabric products (National Cotton
Council, 2010). While not as lucrative as cotton fiber, 275 million kilograms of
cottonseed were used for oil and feed production in 2016 (USDA-ERS, 2017b).
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Cotton Yield Loss to Nematodes
Cotton production is management intensive and costly, and like any agronomic
crop, it is important that yield is maximized and cost of production optimized. Research
is conducted continuously in search of improved production practices to increase both lint
yield and fiber quality, while lowering costs and use of resources. Such research is very
broad and covers many topics, including nutrient and water use efficiency, fiber quality,
growth rate, disease and insect control. Pest control is a prominent area for research due
to risks of significant yield losses from both insects and pathogens. Yield losses attributed
to diseases were an estimated 9.8% of US production in 2015 (Lawrence et al., 2016).
Insect related losses accounted for an estimated 2.6% of yield in 2016 (Williams, 2017).
New developments in chemical control, genetically modified cultivars, and host plant
resistance have helped lower the impact of damaging pests. In 2016, 93% of US upland
cotton hectarage was planted to biotech varieties with insect and herbicide resistant traits
(USDA-NASS, 2017a). Improvements in these technologies and in addressing other
limiting factors such as fertility and water-use have resulted in renewed efforts at
developing control options for other major pests, such as nematodes, that place cotton at
risk of yield loss (Starr et al., 2007).
Plant-parasitic nematodes are one of the important pests responsible for increased
production losses in recent years, but with few control options. Nematodes are worm-like
organisms that are prevalent in all ecosystems. In agriculture, soil-borne nematodes are
divided into two categories; free-living species and plant-parasitic species (Baxter et al.,
1998). Plant- parasitic nematodes are important pests in many agronomic crop species
and can infect many host-plants, including major US crops such as corn, cotton, and
2

soybean (Sasser and Freckman, 1987; Chitwood, 2003). Plant-parasitic nematodes are
present throughout all cotton growing regions in the US (Heald and Robinson, 1990;
Blasingame, 1992; Robinson, 2008). Nematodes feed on roots of cotton, causing
stunting, wilting and other symptoms typical of plant stress (Robinson, 2007a). Because
symptoms of nematode infection can resemble symptoms of fertility stress, nematode
infestations often go unrecognized (Blasingame et al., 2003).
Several nematodes species are considered important in cotton production
including reniform nematode (Rotylenchulus reniformis , Linford and Oliveria), southern
root-knot nematode (Meloidogyne incognita Kofoid & White, 1919), Columbia lance
nematode (Hoplolaimus columbus Sher) and sting nematode (Belonolaimus
longicaudatus Steiner) (Gazaway and McLean, 2003; Koenning et al., 2004; Mueller et
al., 2012). Annual US cotton yield losses in 2015 due to nematode damage were
estimated at 74,300 metric tons (3.42%), with 46,900 metric tons (1.8%) attributed to
root-knot nematode (RKN) , 24,200 metric tons (1.35%) attributed to damage from
reniform nematode, and 3,240 metric tons (0.2%) lost to other nematode species
(Lawrence et al., 2016). RKN is the most widespread of all the cotton parasitic species
and much work has been done to reduce yield losses caused by this nematode, including
the development of host-plant resistant lines (Shepherd, 1974; Bezawada et al., 2003;
Robinson et al., 2004; Mueller et al., 2012). Reniform nematodes are particularly
widespread in the southeastern US, a region with a long history of hectarage planted to
susceptible host species, like upland cotton and soybean (Heald and Robinson, 1990;
Blasingame, 1993; Mueller et al., 2012). The reniform nematode has become a major
focus in many cotton research and breeding efforts in recent years due to an increase in
3

prevalence and associated yield losses, particularly in the southeastern region of the US
(Overstreet and Mcgawley, 1997; Koenning et al., 2004; Robinson, 2007a).
Reniform Nematode in Cotton
The reniform nematode is a parasitic soil-borne nematode that feeds on the roots
of cotton plants disrupting nutrient and water uptake from the formation of feeding sites,
termed syncytia, in root tissue (Cohn, 1974; Agudelo et al., 2005). The success or
importance of the reniform nematode as a pest can be attributed to several characteristics
such as a broad range of host species, survivability in the absence of a host, a high
reproduction rate, and the capability for dispersal by farm equipment (Blasingame, 1993;
Koenning et al., 2004; Moore and Lawrence, 2012). The density and distribution of
reniform nematodes, which can overwinter in the soil as non-infective vermiform
juveniles or eggs, can vary depending on soil type and crop and are often at soil depths
where chemical and cultural control methods are ineffective (Koenning et al., 2004;
Robinson et al., 2005a; Holguin et al., 2015). Vermiform fifth-stage females infect plants
in the spring by partially penetrating roots to feed and the formation of syncytial feeding
structures in the cortex of host-plant roots (Robinson, 2007a; Kirkpatrick and Faske,
2014). The kidney shaped semi-endoparasitic females become enlarged while feeding
and then reproduce eggs outside of the root, which hatch to restart the cycle (Robinson et
al., 1997; Koenning et al., 2004). The reniform nematode, which can undergo many
lifecycles from egg to infective female during a single growing season, can be spread
throughout the field by farm equipment (Monfort et al., 2008).
Symptoms of infections usually include stunting with leaf yellowing and wilting,
similar to water and nutrient deficiencies, delayed flowering and fruit set, and a high rate
4

of aborted fruits (Robinson, 2007a, 2008). The combination of plant stress and
reproductive delay ultimately result in a loss of yield. It was reported in 2015 that plant
parasitic nematodes were responsible for a greater loss in cotton production than any
other plant pathogen group (Lawrence et al., 2016). In 2015, Mississippi suffered the
second highest production loss in the US due to nematode damage, with a 33,400 bale
loss attributed to reniform nematodes (Lawrence et al., 2016).
Nematode Control Methods
In the past, cotton fields were protected from nematode damage by an in-furrow
application of the pesticide aldicarb (Temik®) at planting (Kirkpatrick et al., 2003;
Mueller, 2011). However, aldicarb, likely one of the most extensively used nematicides
in the US, was removed from the market in 2010 by the USEPA (Starr et al., 2007;
USEPA, 2010). Other chemical control options are available for nematode control, such
as the fumigant 1,3-Dichloropropene (Telone II®), which are effective at managing
nematode populations, but are also very costly and difficult to apply (Starr et al., 2007).
Foliar sprays, such as oxamyl (Vydate® C-LV), have been used to provide effective
control for nematode infestations, but foliar sprays are best used as supplemental
protection with a seed treatment or an application of aldicarb (no longer available in
Mississippi) in highly infested fields (DuPont, 2011; Moore and Lawrence, 2012;
Wheeler et al., 2014). Seed treatments, such as clothianidin + Bacillus firmus (Votivo®)
and abamectin (Activa®), are also available to protect seedlings from nematode damage
(Kirkpatrick and Faske, 2014). A new and effective nematicide seed treatment, called
NemaStrikeTM (Tioxazafen), has been developed by Monsanto and recently approved by
the Environmental Protection Agency (Monsanto, 2017). However, all these nematicides
5

are more costly than aldicarb, and seed treatments only offer protection at low nematode
populations (Lawrence and Mclean, 1999; Mueller, 2011).
Site-specific management with chemical control can also be useful in lowering
reniform nematode populations (Overstreet et al., 2014). Most nematode species are not
evenly spread throughout the field, and research has found that site specific application of
nematicides can be effective in lowering nematode populations and plant yield losses
(Overstreet et al., 2014; Holguin et al., 2015). However, reniform nematodes may be
more widely spread throughout cotton fields due to equipment movement and a high
reproduction rate (Monfort et al., 2008). Cultural and chemical control methods can be
employed to help growers manage reniform nematode infestations, however these
practices are not always economically feasible due to equipment and nematicide costs
and a lack of methods for defined site specific best management practices (Starr et al.,
2007; Moore et al., 2011).
Cultural practices, such as subsoiling to promote stand establishment prior to
nematode damage, can be beneficial in reducing losses attributed to nematodes
(Robinson, 2008; Mueller et al., 2012). Crop rotation, alternating the planting of cotton
with a non-host crop such as corn, is another effective approach to manage reniform
nematode damage, however, reniform nematode populations can rebound quickly in a
single season on susceptible cotton (Davis et al., 2003; Stetina et al., 2007). Having
innate resistance to nematode pests provides cost effective protection to damage and
would simplify work for growers (Boerma and Hussey, 1992; Roberts, 1992; Wang et al.,
2006).

6

Host-plant Resistance to Nematode
While there are a number of possible management options available, more costeffective methods of protecting cotton from reniform nematode damage are needed. One
such method is the development of varieties with genetic resistance to this nematode pest.
This form of control, referred to as host plant resistance (HPR), could provide a cost
effective alternative to chemical control restrictions and cost (Roberts, 1992; Robinson et
al., 2007). Breeding for host plant resistance utilizes genes conferring pest resistance
already present in a crop species, or a closely related species, to develop agronomically
desirable varieties with pest resistance. Development of two lines, using a primitive
accession of G. hirsutum from Mexico, with high levels of high host plant resistance to
RKN was first reported in 1974 (Shepherd, 1974).Numerous G. hirsutum germplasm
lines, with genes for resistance to RKN, have subsequently been developed to provide
growers an additional method for reducing losses attributed to RKN (Cook and Robinson,
2005; Creech et al., 2007; Gutiérrez et al., 2010; Starr et al., 2011). Although cotton
varieties with varying levels of resistance to RKN have been developed, essentially all
commercial varieties are considered susceptible to reniform nematode (Robinson et al.,
1999, 2004; Roberts et al., 2007; Starr et al., 2007; Chee et al., 2011). Commercial
cultivars with varying levels of tolerance to reniform nematode have been identified, and
could potentially reduce yield losses, but tolerance fails to provide any suppression of
nematode population numbers, and is therefore not considered fully resistant to reniform
nematodes (Stetina et al., 2009; Blessitt et al., 2012). Producers in the southeastern
region of the US are in dire need of high yielding reniform nematode resistant cotton
varieties adapted to eastern alluvial plain soil types.
7

Sources of HPR for Reniform Nematode in Cotton
Efforts to develop HPR reniform nematode upland cotton varieties became the
subject of major breeding efforts in 2007 when genes for resistance from the wild species
G. longicalyx were introgressed into G. hirsutum (Robinson et al., 2007). Yik and
Birchfield (1984) first discovered reniform nematode resistance in G. longicalyx , a
cotton species with 13 chromosomes, while screening a variety of different species for
resistance by measuring nematode reproduction on roots post-inoculation. Introgression
of resistance genes was facilitated through the use of related species (G. armouriamum or
G. herbaceum) in a bridge cross of G. longicalyx and G. hirsutum (Robinson et al., 2007;
Zheng et al., 2016) . Breeding lines from the tri-species hybrid, designated as LONREN1 and LONREN-2 , were first provided to breeders in 2007 for evaluation and use as
parental germplasm, then officially released in 2014 (Robinson, 2007b; Bell et al., 2014).
Germplasm lines LONREN-1 and LONREN-2, derived from a single F1 plant, are often
collectively referred to as “LONREN germplasm” by breeders, and by the author of this
research as well. Linkage mapping revealed that molecular marker BNL3279_114,
located on chromosome 11, was associated with a gene conferring resistance to reniform
nematode, and designated as RenLon (Robinson, 2007b; Dighe et al., 2009; Bell et al.,
2014). Identification of a molecular marker provided breeders the opportunity to use
marker assisted selection (MAS) in the development of lines possessing resistance
derived from G. longicaylx, avoiding the time and labor intense process of screening
plants in nematode infested soil each generation (Banu et al., 2017). Marker assisted
selection is a molecular breeding technique that has become one of the most useful tools
in plant breeding in recent years, used primarily in selection of plants based on presence
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of markers associated with target genes or traits to facilitate quick and precise selection
(Collard and Mackill, 2008; Zhang et al., 2008). Identification of a marker for the Renlon
gene conferring resistance to reniform nematode allowed breeding efforts to move more
quickly, and resistance provided by LONREN germplasm was utilized in breeding
programs while testing to further characterize resistance was conducted (Fang and
Stetina, 2011; Bell et al., 2014).
While the Renlon gene conferred significant resistance to reniform nematode, and
was even classified as immune by some researchers, problems were noted by scientists
conducting field trials (Weaver et al., 2007; Sikkens et al., 2011; Bell et al., 2014). In a
2010 summary of progress on breeding for resistance to nematodes, it was noted that a
number of public breeders and cooperators discovered significant stunting in LONREN
derived breeding lines when grown in reniform nematode infested soils (Nichols et al.,
2010). Both stunting and necrosis of infected root tissue have been observed in LONREN
germplasm lines (LONREN-1 and LONREN-2), suggesting that the mode of resistance
provided by LONREN is most likely a hypersensitive response to reniform nematode
infection (Nichols et al., 2010; Sikkens et al., 2011). It has also been suggested that
stunting might be the result of one or more deleterious genes tightly linked to the Renlon
gene (linkage drag), or an increase in susceptibility to Thielaviopsis, the fungal pathogen
responsible for root rot (Sikkens et al., 2011; Bell et al., 2014). An increase in stunting
linked to the Renlon gene has been observed in the presence of Thielaviopsis root rot
infection (Zheng et al., 2015). Attempts at recovering new recombinants to break any
linkages between the Renlon gene and potential detrimental genes have been unsuccessful
(Zheng et al., 2016). Use of the LONREN source of resistance in breeding programs has
9

largely been discontinued due to the association of stunting under heavy infestations of
reniform nematode.
An additional source of resistance to reniform nematode was found during
screenings of primitive accessions of G. hirsutum and G. barbadense (Robinson et al.,
2004; Gutiérrez et al., 2011). The G. barbadense accession GB-713 exhibited significant
resistance to reniform nematode when compared to a susceptible check (Robinson et al.,
2004, 2005b). Quantitative trait loci (QTL) for the genes conferring resistance in the GB713 accession were identified which simplified breeding efforts, and allowed for
screening with molecular markers during introgression of the gene into G. hirsutum
(Gutiérrez et al., 2011). Three different simple sequence repeats (SSR), or molecular
markers, were found to be closely linked with the three QTLs conferring resistance
(Gutiérrez et al., 2011). Two of the QTL’s, mapped to chromosome 21 and designated as
Renbarb1 and Renbarb2 , were associated with SSR markers BNL1551_162 and
BNL3279_106, respectively (Gutiérrez et al., 2011). A third QTL mapped to
chromosome 18 , designated as Renbarb3, was associated with SSR marker BNL1721_178,
but contributed less to reniform nematode resistance than Renbarb1 and Renbarb2 (Gutiérrez
et al., 2011; Bell et al., 2015). Germplasm accession GB-713 (G. barbadense) was used
as the source for reniform nematode resistance in the development of G. hirsutum
germplasm lines M713, Ren1, Ren2 and Ren5 through marker selection (McCarty et al.,
2013a). Research recently found that the Renbarb2 gene contributed more to reniform
nematode resistance than the Renbarb1 gene, but combinations of Renbarb2 and Renbarb3
exhibited resistance equal to the that of GB713 (Wubben et al., 2017). The G. hirsutum
germplasm line BARBREN-713, derived from accession GB-713, was made available to
10

breeders and other scientists for breeding and evaluating resistance prior to its formal
release in 2014 (Bell et al., 2015).
Evaluation of BARBREN-713 germplasm found that it provided a high level of
resistance and tolerance to reniform nematode, acceptable fiber quality and yield
performance, but did not suffer the problem of stunting associated with resistance in
LONREN germplasm (Sikkens et al., 2012; Wallace et al., 2013). Other sources of
resistance and tolerance have been discovered in G. hirsutum accessions that provide
moderate reductions of reniform nematode populations. Germplasm lines derived from G.
longicalyx and G. barbadense served as the genetic resource in the current study to
examine effects of different resistance gene combinations (McCarty et al., 2013a; b).
Reason and Resistance Sources for Study
New sources of host plant resistance found in LONREN germplasm and
germplasm line BARBREN-713 provide significant protection and resistance against
reniform nematodes through lowered nematode reproduction (Bell et al., 2014, 2015).
However, when grown in reniform nematode infested soils, significant plant stunting was
observed in LONREN germplasm as well as reniform resistant breeding lines derived
from the LONREN germplasm (Nichols et al., 2010; Sikkens et al., 2012; Wallace et al.,
2013). The LONREN germplasm, however, does provide very high resistance to reniform
nematode, but unless the mechanism of resistance is better understood and the problem of
stunting can be overcome, this germplasm will not serve as an acceptable source of
resistance for breeding programs (Sikkens et al., 2011). While G. barbadense accession
GB-713 has proven a good source for development of nematode resistance germplasm, it
would be unfortunate to discard the G. longicalyx derived germplasm lines (LONREN) as
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a source of nematode resistance without first exploring alternative approaches for
overcoming the problem of stunting in reniform nematode infested soils. Currently, no
studies have investigated the potential impact of combining genes from these two widely
differing genetic sources of reniform nematode resistance and plant growth. Combining
Renlon and Renbarb genes for resistance might provide a means to increase resistance to
reniform nematode, and eliminate or reduce stunting typically associated with Renlon
single gene resistance. Furthermore, combining or pyramiding two or more genes for
resistance could reduce the probability for evolution of new virulent races of reniform
and provide more durable resistance, a common approach in many programs breeding for
pest resistance (Halpin, 2005; Barloy et al., 2007; Ye and Smith, 2008; Fang and Stetina,
2011). This research will help determine if the Renlon gene for resistance can be
exploited in the development of new reniform nematode resistance cotton varieties, and if
resistance can be improved by pyramiding genes from two widely different genetic
resources. Identification and development of a set of lines (G. hirsutum) to represent
genotypes with different combinations of resistance genes derived from G. barbadense
(Renbarb1 and Renbarb2) and G. Longicalyx (Renlon), as well as a susceptible genotype,
would provide opportunity to examine the effect of different gene combinations on
resistance to reniform nematode, plant growth, and yield. Breeding lines with
combinations of genes derived from the two different species, likely with two different
resistance mechanisms, provides an opportunity to determine if resistance genes might
interact to alter or improve resistance as well as alter the effect of resistance on plant
growth, including stunting.
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The idea for such a study originated with the identification of several F2 and F3:4
populations segregating for Renbarb1, Renbarb2, and Renlon resistance genes within the
Mississippi State University cotton breeding program during marker-assisted selection
(MAS) of nematode resistant breeding lines (Wallace et al., 2013). Numerous upland
cotton (G. hirsutum) breeding populations in the MSU breeding program, segregating for
resistance provided by Renbarb1, Renbarb2 and the Renlon genes, provided the initial genetic
resource needed to develop a set of lines representing genotypes with different
combinations of the genes for resistance.
Traditionally, to determine the effect of one or more genes on agronomic traits
such as resistance, a population of near-isogenic lines (NIL) must be constructed that are
genetically nearly identical except for the genes of interest. The development of NILs
requires crossing one parent with the gene of interest (gene donor), with another parent
(recurrent parent), followed by many generations of backcrossing the off-spring to the
recurrent parent in order to construct a final generation representing a near identical
recurrent parent, but with the additional gene of interest from the donor parent (Collard et
al., 2005). Development of NILs from heterogeneous inbred families (HIFs) has also
been used to examine QTLs linked with markers and corresponding phenotypes of
markers (Dorweiler et al., 1993; Tuinstra et al., 1997). This method of developing NILs
has been proven effective previously in comparing and combining sources of pest
resistance, (Haley et al., 1994). However, while NILs are useful in gene mapping and
determining genetic effects, the significant investment in time and resources required to
develop NILs was beyond the reach of the current thesis research project. (Navara and
Smith, 2014).
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Quantifying Resistance to Nematodes
Developing nematode resistant upland cotton cultivars has been the focus of research
for both plant breeders and nematologists. Upland cotton cultivars containing host plant
resistance to reniform nematodes would provide growers an additional option for planting
in reniform nematode infested fields, as well as lower yield losses attributed to this pest
(Robinson, 2008; Mueller et al., 2012). Evaluation of host plant resistance is an
important aspect of plant pathology and plant breeding for quantifying and determining
the ability of a plant or population of plants to resist pathogen infection (Roberts, 1990).
Resistance in nematology has been defined as a host plant response that lowers nematode
reproduction, usually due to a molecular process at the site of infection such as localized
cell death and increased enzymatic activity, that inhibits nematode feeding and therefore
reproduction (Roberts, 1990; Callahan et al., 1997; Agudelo et al., 2003). Resistance can
be quantified based upon a ratio of the final nematode population to the initial population,
a measure referred to as “RF", or reproduction factor ratio (Seinhorst, 1967; Jones et al.,
1967; Usery et al., 2005). To be considered resistant, RF values should be less than one
or less than the RF of a known susceptible genotype (Boerma and Hussey, 1992; Usery et
al., 2005) . Tolerance is defined as the ability of a plant to sustain nematode infection and
remain productive (Roberts, 1990; Trudgill, Invergowrie, 1991). Resistant cultivars must
also be tolerant to be productive when grown in nematode infested soils.
When evaluated under controlled conditions, resistant germplasm line BARBREN713 (Bell et al., 2015) and LONREN germplasm (Bell et al., 2014) were found to have
high levels of resistance to reniform nematode in terms of lowering nematode
populations, number of nematodes on roots and in the soil surrounding plants (Nichols et
14

al., 2010; Sikkens et al., 2011, 2012). Although germplasm line LONREN (Renlon gene)
is considered highly resistant to reniform nematodes at low nematode, it is intolerant to
high populations of reniform nematode. Germplasm line BARBREN-713 (Renbarb1and
Renbarb2 genes) is considered to be both resistant and tolerant to reniform (Sikkens et al.,
2012).
A review of literature, indicates no investigation has ever considered the potential
effects of combining genes Renbarb1and Renbarb2, with the Renlon gene on resistance and
tolerance. A set of genotypes (lines), representing all possible combinations of Renbarb1,
Renbarb2, and Renlon genes for resistance, was developed using MAS for an investigation
into the effect of combining different resistance genes. Evaluating the different
genotypes, when grown in the presence of reniform nematodes, will provide valuable
information to breeders and nematologists about the effect gene interactions have on
resistance and tolerance to reniform. This investigation was based on the hypothesis that,
when genes for resistance with different modes of actions are combined, resistance and
tolerance in the resulting genotype could be improved or altered. Combining genes for
resistance may possibly resolve or reveal the origin of stunting associated with LONREN
germplasm, as well as breeding lines derived from this source of resistance. The
objectives of this study were; 1) to develop full-sib breeding lines with genotypes
representing all combinations of Renbarb1, Renbarb2, and Renlon genes for resistance, as
well as a susceptible genotype, and 2) to quantify and compare resistance in a controlled
environment to determine the effects of gene combination on resistance.
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CHAPTER II
MATERIALS AND METHODS FOR COMPARISON OF
COMBINED RESISTANCE GENES
Introduction
For this study, a set of lines to represent genotypes with all possible combinations
of three genes for reniform resistance needed to be generated as quickly as possible.
Unlike a formal genetic study with the objective of determining the degree and type of
gene interactions among different genes in NILS, the aim of this study was to determine
the potential application of combining different resistance genes in a single breeding line
to improve or enhance reniform nematode resistance in a cotton breeding program.
Therefore, MAS was used to develop a set or family of full-sib early generation breeding
lines to represent genotypes with different combinations of resistance genes, from
populations segregating for Renbarb1, and Renbarb2, and Renlon in the Mississippi State
University (MSU) breeding program. Following five generations of MAS, lines
representing each genotype were evaluated in growth chambers to quantify and compare
phenotypic effects of gene combinations on resistance to reniform nematode and early
seedling growth. Initially, the study was to include an evaluation in the field to compare
genotypes for yield and fiber performance in non-infested and reniform nematode
infested soils, however, due to the numerous challenges in developing genotypes based
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upon MAS, lack of adequate seed quantities, and time constrains, a decision was made to
pass the yield evaluation component to the next scientist.
Origin and History of Initial Breeding Populations
Prior to the initiation of this study, several populations segregating for the
Renbarb1, Renbarb2 and Renlon genes for resistance were observed in 2013 within the MSU
cotton breeding program at the R. R. Foil Plant Science Research Center (33°28′ N,
88°46′ W). Initial crosses were made by MSU breeders Dr. Ted Wallace and Dr. Peggy
Thaxton-Smith in 2010 and 2012 as part of a breeding effort aimed at developing
reniform nematode resistant breeding lines adapted to the mid-south growing region.
Populations segregating for the Renlon gene for reniform resistance were identified during
marker assisted selection (MAS) due to concerns over reports that this gene is associated
with significant stunting when plants are grown in reniform nematode infested soil
(Sikkens et al., 2011, 2012). In view of questions about the usefulness of the Renlon gene
as a source of resistance for breeding due to the problem of stunting, populations
segregating for Renlon, Renbarb1, and Renbarb2 genes were identified as a genetic resource
to study the effect of different gene combinations on reniform resistance and stunting.
Segregating populations originated from crosses between breeding lines (parents)
possessing reniform resistance derived from G. longicalyx and breeding lines with
reniform resistance derived from G. barbadense. Germplasm line LONREN-1, a parent
in the pedigree of all populations selected for this study, provided reniform nematode
resistance gene Renlon derived from G. longicalyx (Table 2.1) (Bell et al., 2014). Genes
for resistance derived from G. barbadense (Renbarb1 and Renarb2) were provided by
parental breeding lines FR05-09 GB713, FR26-2010 GB 6-1-2, BARBREN-713, FR1117

01 GB 713, and 06SS21-016 (Table 2.1). Resistance in four of the parental breeding
lines were derived from the G. barbadense accession “GB 713” while resistance in
breeding line 06SS21-016 was derived from G. barbadense accession “TX110” (Table
2.1) (Robinson et al., 2004; Gutiérrez et al., 2011; McCarty et al., 2013a). Parental
breeding lines of segregating populations identified for this study, possessing resistance
genes derived from G. barbadense, were considered essentially identical to reniform
resistant germplasm line “BARBREN 713” in terms of Renbarb1 and Renbarb2 genes for
resistance (Bell et al., 2015).
Development of a Set of Lines to Represent Genotypes with all Possible
Combinations of Three Genes for Reniform Resistance
Several F2 and a single F3:F4 population were identified in 2013 as potential
genetic resources during early generation marker testing in the MSU cotton breeding
program. Designation (year and cross number), generation, parents, and pedigrees of each
segregating population, when first identified as potential genetic resources for developing
resistant genotypes, as well as parental sources of resistance genes (Renbarb1, Renbarb2 and
Renlon), are listed in Table 2.1 Marker assisted selection was employed to identify as
many different genotypes (plants) as possible representing all possible combinations of
resistance genes Renbarb1, Renbarb2 and Renlon, as well as null or susceptible genotypes in
both the homozygous and heterozygous condition, to provide additional opportunities of
selection for desired genotypes in subsequent generations; all within each F2 population
and the single F3:F4 population. Development of a set of lines, representing each
genotype within one or more different populations, should help to reveal additional
information on the effect gene combinations in plants with different genetic backgrounds
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Table 2.2 lists the number and genotype of resistant and susceptible plants selected using
from MAS within the 2013 breeding program to represent initial populations for use in
the study and planting in 2014 .
Genotypes were selected to represent the following eight gene combinations: 1)
Renbarb1, 2) Renbarb2, 3) Renbarb12 (Renbarb1 + Renbarb2), 4) Renbarb1 + Renlon, 5) Renbarb2 +
Renlon, 6) Renbarb12 + Renlon, 7) Renlon, and 8) Null, a susceptible genotype with no genes
for resistance. Plants representing genotype Renbarb12 + RenlonH, where RenlonH denotes a
heterozygous condition, were identified in all but two populations and were selected in
anticipation of desirable segregants in subsequent generations. Since self-pollination was
not enforced in initial F2 and F3:F4 plant selections, outcrossing may have introduced
additional genetic variation from surrounding plants segregating for resistance.
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F2
F2
F2
F2
F2
F3:4

MAFES 1201

MAFES 1203
MAFES 1211

MAFES 1212

MAFES 1214
MAFES 10127

LONREN-1
LONREN-1
LONREN-1
LONREN-1
LONREN-1
LONREN-1

0795-3-2/FR05-09 GB 713
0762-9/RF ROW 26-2010 GB 6-1-2
0823-33/BARBREN 713
0823-33 / RF ROW 26-2010
GB 6-1-2
DREC 0795-3-1 / FR11-01
GB 713
0763-1/06SS21-016

Population Pedigree‡

FR11-01 GB 713
06SS21-016

RF ROW 26-2010 GB 6-1-2

RF ROW 26-2010 GB 6-1-2
BARBREN-713

FR05-09 GB 713

Parent 2
Source of Renbarb1 and Ren
barb2 Genes

‡Resistance in germplasm line LONREN-1was derived from G. longicalyx. Resistance genes in breeding lines FR0509 GB-713, BARBREN-713, and FR11-01 GB 713 were derived from G. barbadense accession GB-713. Resistance
genes in breeding lines 06SS21-016 and RF ROW 26-2010 GB 6-1-2 were derived from G. barbadense accessions
TX110 and GB 6-1-2, respectively.

† Designation of original cross

Generation

Parent 1
Source of Renlon Gene

Designation, generation, parents and pedigrees of initial populations used to develop genotypes representing
different combinations of Renlon, Renbarb1, and Renbarb2 genes for reniform nematode resistance.

Population † Designation

Table 2.1
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1

Renbarb1

1
4
1

Renbarb2

Renbarb12
2
1
3
2

Renlon
2
2
5
2
1
4

RenlonH

2

Renbarb1
+
Renlon

Renbarb1
+
RenlonH

4
6

Renbarb2
+
Renlon

3

Renbarb2
+
RenlonH

Renbarb12
+
Renlon
1
3
1
4

‡

2
2
4

Null
1

Study was initiated in 2014, following identification of populations and genotypes in the MSU cotton breeding program

Renbarb12
+
RenlonH
2
2
1
3

Genotypes and number of individual plants selected within 2013 F2 and F3:4 breeding populations segregating for
combinations of reniform nematode resistance genes † Renbarb1, Renbarb2 , Renbarb12, Renlon, and RenlonH for
planting in 2014‡.

†Renbarb12 denotes genotype Renbarb1 + Renbarb2 and RenlonH denotes Renlon in the heterozygous condition.

Population
MAFES 1201
MAFES 1203
MAFES 1211
MAFES 1212
MAFES 1214
MAFES 10127

Table 2.2

Identification of Genotypes for Study
2014 Growing Season
In 2014, 61 individual plants previously selected from populations in the MSU
breeding program segregating for genes for reniform nematode resistance (Renbarb1,
Renbarb2 and Renlon) were each planted to a single row plot at the R. R. Foil Plant Science
Research Center in a trial referred to as the “Gene Combo Study”. Single row plots were
also planted with parental lines BARBREN-713 and LONREN-1 to serve as checks for
genotypes Renbarb12 and Renlon, respectively. Seed of each selected plant (entry) was
planted to single row plots 12m in length with a row spacing of 0.96m, and arranged in a
1x1 skip-row configuration. Following stand establishment, plants were thinned to
approximately 1 plant 0.3 m −1 to facilitate tagging and collecting leaf samples. Prior to
flowering, twenty plants from within each plot were tagged to maintain identity for
collection of leaf samples. To test for adventitious presence (AP) of three of the most
common GMO traits (genes) in cotton, Bollgard I® (Cry1Ac), Bollgard II® (Cry2Ab), and
Roundup Ready® (CP4), leaf tissue discs were collected from newly emerged, quarter
grown leaves by snapping the lid of a 1.5ml micro-centrifuge tube over a leaf. Leaf
tissue was then tested for GMO proteins following the procedures for use of lateral flow
immunoassay test strips (QuickStix™ Combo Comb Kit AS 046 STC) from
EnviroLogix™ (Evirologix Inc., Portland, ME, 2016). Plants testing positive for any of
the three GMO traits were removed from the field prior to collecting leaf tissue for
molecular marker testing. For any row (entry) with 30% or more AP of GMO traits,
fifteen additional plants were tagged, sampled, and tested for AP to ensure an adequate
number of GMO free plants for marker testing.
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Individual plants identified in 2013 to serve as a genetic source for the study were
selected from early generation open-pollinated breeding populations (F2 and F3:F4) to
provide additional opportunities of MAS for different resistant genotypes. Due to the
expense associated with molecular marker analysis, the number of samples for MAS was
restricted to approximately 400 plants. The number of plants per entry (plot) to sample
for marker testing in 2014 was based on the genotype of plants selected in 2013 and
determined by 1) the number of resistance genes of genotype 2) the rarity or absence of a
genotype within a population, and 3) the limit on number samples (plants) allowed for
marker analysis. The goal during the first year of the study (2014) was to recover as
many of the eight different genotypes as possible within each population, as well as to
identify plants with potential for segregants in subsequent generations. However, due to
concerns with recovering every genotype, a decision was made to concentrate sampling
within entries (genotypes) that included the Renbarb2 gene, since it has been reported as
the primary or most important gene derived from G. barbadense contributing to
resistance to reniform nematode (Gutiérrez et al., 2010; Bell et al., 2015; Wubben et al.,
2017). A greater number of samples was also collected from entries of genotypes
heterozygous for the Renlon locus in combinations with Renbarb1 and Renbarb2.

The

number of samples collected from each genotype planted in 2014 to screen for AP of
GMO traits and for used in molecular marker testing is presented in Table 2.3.
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Table 2.3

Number of samples for screening of GMO traits and for molecular marker
testing collected from genotypes planted in 2014.

2014 GMO
2014 Marker
Testing
Testing
No. of Samples
No. of Samples
Renbarb1
1
0
0
barb1
lon
Ren
+Ren
2
0
0
Renbarb2
6
10
5
barb2
lon
Ren
+Ren
10
15
10
Renbarb2+Renlonh
3
25
20
barb12
Ren
8
10
5
Renbarb12+Renlon
9
10
5
barb12
lonh
Ren
+Ren
8
25
20
lon
Ren
16
10
5
Null
9
10
5
barb12
barb1
barb2
lonH
lon
†Ren
denotes genotype Ren
+ Ren
and Ren
denotes Ren in the
heterozygous condition.
2013
Genotypes †

2014
No. of Entries

In view of questions regarding the contribution to resistance, and in an effort to
preserve the limit on the total number of plants for marker testing, no samples were
collected from entries representing the two Renbarb1 genotypes (Renbarb1 and
Renbarb1+Renlon) (Table 2.3). This decision allowed for additional opportunities of MAS
within the remaining genotypes, as well as the opportunity for recovering the two Renbarb1
genotypes. Plants representing the set of eight reniform nematode resistant genotypes
were sought within each entry (plot), as well as across entries within each of the six
populations.
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To conduct marker testing, small, new growth leaves were removed from GMO
free tagged plants, placed in small paper coin envelopes, and placed on dry ice. Samples
were transported to the USDA-ARS Genomics and Bioinformatics Research Unit
(GBRU) in Stoneville, MS, for marker analysis following the method described by Xin et
al (2003). Each plant sample was evaluated for the presence of SSR markers
BNL1551_161, BNL3279_104, and BNL3279_114, associated with Renbarb1, Renbarb2,
and Renlon genes, respectively (Dighe et al., 2009; Gutiérrez et al., 2010). Results of
marker testing provided for identification of genotypes present within entries of each
population possessing target gene combinations. In 2014, 540 plants were marker tested
following the described leaf sample protocol. Samples from 28 plants failed to produce
valid marker data due to poor quality of tissue sample, and all but seven were discarded.
Seven of these were selected for further screening in hope of recovering a
NULL/susceptible genotype. Of all 2014 marker tested plants, a total of 277 plants were
identified for harvest to represent target gene combinations within entries and
populations. Seed was also harvested from rows planted to the two resistant parental
checks (LONREN and BARBREN). The number of plants for each genotype selected for
harvest are presented in Table 2.4. These selections were individually harvested and kept
separated through processing. All harvested plants were then ginned using a laboratory
saw gin and acid delinted (sulfuric acid) then treated with fungicide (Gustafson RTUVitvax-Thiram) following previously described protocols in preparation for marker root
tip testing in the winter of 2015.
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Parental lines BARBREN and LONREN are not included in this table

Renbarb2
3
1
7
9
16
2

§

Renbarb1
4
1
1
1
0
0

Null refers to the susceptible genotype, or plant lacking any markers for resistance genes

Gen= generation

Gen †
F2:F3
F2:F3
F2:F3
F2:F3
F2:F3
F4:F5

‡

†

Designation
MAFES 1201
MAFES 1203
MAFES 1211
MAFES 1212
MAFES 1214
MAFES 10127

Genotype of Marker Selected Plants§
Renbarb1
Renbarb2
+
+
barb12
lon
lon
Ren
Ren
Ren
Renlon
6
7
5
1
5
6
5
3
6
5
2
4
9
7
3
3
0
12
0
10
1
24
0
27

Number and genotype of marker selected plants from each population in 2014

Population

Table 2.4
Renbarb12
+
Renlon
10
14
4
5
0
1

Null‡
4
3
15
4
15
6

Genotypes selected within these populations (5 F2:F3, and 1 F4:F5) were full-sibs,
and therefore were assumed to be genetically similar due to shared parental backgrounds.
While not genetically identical like NILS, full-sib breeding lines should provide
information on the effects of gene combinations on reniform nematode resistance for
breeding purposes. Plants representing a complete set of the eight genotypes were
identified within each population, except for the two populations MAFES 1214 and
MAFES 10127. For one population, no plants for genotype Renbarb12 were identified
(Table 2.4). It was observed, however, that the genotype for a number of plants were
selected from entries of a different or conflicting genotype, For examples, as shown in
Table 2.4, Renbarb12 genotype occurred in the MAFES 10127 population, but the Renbarb1
gene was not present in this population in 2013 calling into question the quality of leaf
tissue for a number of samples, and therefore the reliability of genotype (marker results)
for a number of plants selected in 2014. Tissue samples collected from older, mature
leaves are not recommended for extraction of high quality DNA needed for molecular
marker analysis, and many leaves used at this stage for marker testing were dry and
mature (Roomi et al., 2013). A scheduling conflict with collection of leaf samples and
marker testing in 2014 resulted in sampling late in the season when new growth leaves
were difficult to find. Use of older leaf tissue may have reduced the quality of DNA and
reliability of marker results. Furthermore, a delay in marker testing precluded enforced
self-pollination of plants identified for MAS. Although entries were planted in a 1x1
skip-row configuration, opportunities for outcrossing existed. Due to inconsistent marker
results for a number of genotypes, additional marker testing was conducted utilizing
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tissue of seedlings grown from the seed of marker selected plants prior to the next
planting season.
2015 Root-Tip Testing for Marker Confirmation

Due to concerns regarding quality of leaf tissue and reliability of results for some
of the marker selected plants in 2014, seedlings from a subset of the 277 plant selections
were subject to additional marker testing using root-tip tissue. Analysis based upon roottip tissue samples was completed to provide additional marker data for those plants in
which the marker results (genotype) were questionable. The subset of plants for
additional testing was determined by comparing genotypes of the initial F2 and F3:F4
plants (initial genotype) planted in 2014, to the genotypes of seedlings from F3 and F4:F5
plants selected (selected genotype) and harvested in 2014. When initial genotypes were
compared to selected genotypes, many of the genotypes were a close match, either having
the same genotype as the initial plant or having a possible segregant genotype. However,
the genotype for a number of selected plants differed from the initial genotype for one or
more genes for resistance suggesting that these samples were compromised by poor DNA
sample quality or outcrossing. For example, the Renbarb1 gene was totally absent in the
initial plants from 2013 in population MAFES 10127, but Renbarb1 was present in the
2014 marker tested plants grown from the 2013 initial selections (Table 2.2 and Table
2.3). Because of these discrepancies, it was determined that root-tip testing of seed from
selected plants would be done to confirm genotypes that were consistent with previously
selected marker results.
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Within the 277 harvested plants segregation was still occurring, but many were
consistent with the initial genotype in that the gene combinations were similar from one
generation to the next. For example, in population MAFES 1201 the Renbarb12 gene
combination segregated out into Renbarb1 and Renbarb2 genes. Due to this particular genetic
segregation occurring in many of the populations, it was further determined that the
Renbarb1 genotype, and gene combinations including Renbarb1 could be included in the
study. The two genes for reniform nematode resistance derived from BARBREN-713 are
both additive and dominant in effect, so including Renbarb1, Renbarb2, and Renlon in all
possible gene combinations of would potentially provide a better understanding of
genetic and phenotypic effects of these genes separately, and when present in different
combinations (Gutierrez et al., 2011).
After comparing selected genotypes with initial genotypes in the 277 plants
harvested in 2014, 148 plants of selected genotypes considered consistent from one
generation were identified for additional marker testing using root-tip tissue from
germinated seed of selected plants. Twenty-three plants selected from the LONREN and
BARBREN resistant parent increase row were also chosen for root-tip marker
confirmation. The selections with inconsistent marker results were discarded. Seed of
selected plants, previously harvested during the fall of 2014 were germinated and used
for marker testing using root-tip tissue. Root-tip tissue was produced by placing six
fungicide treated seed from each selected plant from 2014 on moistened germination
towels with seed spaced evenly along the centerline of the germination towel. Towels
were the rolled up and placed upright in a plastic container with a lid and kept at room
temperature (~70°F/23°C). After seeds were germinated , and radicles from cotyledon
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measured at least 5.0mm, tips of roots were carefully cut and placed in wells for DNA
extraction. Marker results were then processed and scored by Dr. Jodi Scheffler, Plant
Geneticist at the USDA-ARS Crop Genetics Research Unit in Stoneville, MS.
Results of marker testing using root-tip tissue were compared with results from
selected plants in 2014, as well as results from initial marker testing 2013, to determine if
marker scores were consistent across generations and within plant selections. Comparison
of marker results across 2013 initial plants, 2014 plant selections, and 2015 root-tip tested
selections supported assumptions that it was likely some of the leaf tissue samples
collected from the field in 2014 were not able to provide adequate samples of DNA for
marker testing, thus creating inconsistent results. Root-tip testing also supported that
segregation was still occurring in a number of selections, however many marker tested
plants were consistent with the 2014 selected and the 2013 initial marker results. Marker
results based upon tissue samples from root-tips were deemed more reliable as the roottips provided better quality DNA for testing and were produced under controlled
conditions. Therefore, for entries in which 2014 marker results conflicted with results
from root-tip testing, genotypes were assigned based on results from root-tip testing.
Table 2.5 identifies the genotype and number of plants selected for planting in the 2015
growing season. It is notable that the number of plant selections for many genotypes
within populations decreased between 2014 harvest (Table 2.4) and after 2015 root-tip
testing (Table 2.5) due to discarding inconsistent genotypes after comparison of marker
testing results.
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Table 2.5

Number and genotype of plants selected for increase in 2015 after root-tip
testing

Population‡
Designation
MAFES 1201
MAFES 1203
MAFES 1211
MAFES 1212
MAFES 1214
MAFES 10127

Renbarb1
4
1
1
1
0
0

Renbarb2
2
0
2
4
5
1

Genotype of Marker Selected Plants
Renbarb1 Renbarb2
+
+
Renbarb12 Renlon
Renlon
Renlon
3
3
2
1
4
5
3
0
3
4
3
3
1
5
4
1
0
0
0
1
1
4
0
3

Renbarb12
+
Renlon
2
2
3
2
0
0

Null†
2
3
2
4
3
2

†

Null refers to the susceptible genotype, or plant lacking any markers for resistance genes

‡

Parental lines BARBREN and LONREN are not included in this table (23 entries)

2015 Screening for Adventitious Presence of GMO Traits
All plants considered for molecular marker analysis were tested for AP of the
three most common GMO traits in cotton, Bollgard I® (Cry1Ac), Bollgard II® (Cry2Ab),
and Roundup Ready® (CP4), using lateral flow assay test strips, following the protocol
described for 2014 AP testing. A total of ten plants from every entry were tagged with
identification tags and tested for AP of GMO and only two plants tested positive. Leaf
disk samples were collected in 1.5 ml microcentrifuge tubes. Leaf tissue was then tested
for GMO proteins following the procedures for use of lateral flow immunoassay test
strips (QuickStix™ Combo Comb Kit AS 046 STC) from EnviroLogix™ (Evirologix
Inc., Portland, ME, 2016). Any plants for which AP was detected were removed from the
field prior to marker testing and flowering.
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2015 Molecular Marker Testing

In an initial round of marker testing, 77 entries (out of 123 entries) were selected
for sampling based on comparison of 2013 initial genotypes, 2014 selection marker
results, 2015 root-tip testing marker results, as well as the likelihood of recovering
desired genotypes. Marker testing was then conducted following the same procedures as
in 2014. In 2015, 10 plants per entry were tested for the presence of markers associated
with resistance genes. Plants were identified by tags used for AP testing and small, new
growth leaves were collected in paper coin envelopes, then kept in a -80°C freezer until
they were taken to the USDA-ARS Crop Genetics Research Unit in Stoneville, MS for
processing. Once at the facility, technicians assisted with taking small leaf tissue disk for
sample analysis for marker scoring. Results were scored to determine the genotype of
each plant and it was determined that only populations containing all 8 genotypes would
be selected for use in further studies. Based on the scores (genotypes) from the initial
round of marker testing in 2015, it was determined that of the six initial populations
selected for the study, only two populations provided the eight desired gene combinations
(genotypes). The gene combinations represented within each of the breeding populations
is shown in Table 2.6.
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†

F5:F6

F3:F4

F3:F4

F3:F4

F3:F4

F3:F4

Gen

4

4

6

16

Ren

barb1

18

6

13

7

3

Ren

barb2

Ren

2

1

10

7

30

25

barb12

8

9

16

16

21

31

Lon

1

13

3

8

29

Renbarb1
+Lon

15

4

4

8

1

Renbarb2
+Lon

Resistance Gene Combinations

12

10

26

15

Renbarb12
+Lon

19

16

15

2

4

Null

2015 Summary of gene combinations represented in marker selected plants from each population

two populations selected for further study.

Designation
MAFES
1201
MAFES
1203
MAFES
1211†
MAFES
1212†
MAFES
1214
MAFES
10127

Population

Table 2.6

Populations MAFES 1211 and MAFES 1212 were chosen to develop breeding
lines representing eight different combinations of reniform resistance genes since each
population had at least two plants representing each of the eight desired genotypes. The
populations also had consistent marker results in every generation from the initial 2013
populations to 2015 field testing. The remaining four populations in the study were
excluded from any further marker testing and selection, however boll samples were taken
from marker tested plants from each planted row to provide seed for any potential future
study.
Plants identified for selection within the two populations (see Table 2.5 and Table
2.6) were re-sampled and subjected to marker testing a second time to confirm genotypes.
Since several genotypes were represented by only a few plants, an additional 113 plants
among seven plots were tagged, sampled, then marker tested. From among the additional
113 plants tested, 24 plants were selected and genotypes confirmed with a second round
of marker testing. At harvest, all selected plants had been marker tested and confirmed 2
times. The total number of plants selected in 2015 to represent different gene
combinations (genotypes) within the two breeding populations is summarized in Table
2.7.
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Table 2.7
Population

Total number of plants selected within each population.
Gen†

Designation

†

MSU 1211
MSU 1212

F5:F6
F5:F6

Renbarb1

Renbarb2

4
4

13
6

Resistance Gene Combinations
Renbarb1 Renbarb2
Renbarb12 Lon
+Lon
+Lon
7
13

26
18

4
24

17
4

Renbarb12
+Lon

Null

25
14

15
18

generation of seed at harvest

Plants identified to represent the eight genotypes within each of the two
populations were flagged for selfing and flowers covered with mesh (organza) bags to
promote self-pollination throughout the flowering period. Workers searched for
“candles”, or unopened blooms, in the afternoon prior to the blooms opening and
carefully placed organza bags over the top of the entire unopened bloom. The goal of
selfing was to provide sufficient seed quantities for evaluating resistance to reniform
nematode, as well as yield and fiber testing, while maintaining the genotype through selfpollination. Additionally, selfing was conducted on seed increase rows of the two
parental lines, BARBREN 713 and LONREN-2. At harvest, bolls of selfed seed for each
plant were harvested and combined with like genotypes within the same population.
Open pollinated bolls were also collected from each plant to provide a backup of
additional seed. Seed cotton for each genotype was ginned on a laboratory-type saw gin
followed by acid-delinting (sulfuric acid) of fuzzy seed. Seed were placed in a forced air
dryer and then treated with a fungicide (Gustafson RTU-Vitvax-Thiram).
2015 Winter Nursery Seed Increase
With a very limited supply of seed representing each genotype, a small amount of
seed of selected genotypes was prepared for shipment to a Cotton Incorporated®
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sponsored winter nursery in Costa Rica for planting to a small seed increase. Seed were
planted in hills, seedlings thinned, and flowers were selfed for increase of seed. Due to
the high cost of the winter nursery, selections for planting were made carefully with the
goal of optimizing space and increasing those genotypes with low seed. Genotypes with
the fewest number of seed were planted to additional hills, as detailed in Table2.8.
Extreme delays in obtaining a phytosanitary certificate, required for seed shipments to
Costa Rica, resulted in a late planting and harvest date at the winter nursery. The winter
nursery was planted February 5, 2016, and seed from winter nursery increase was not
returned until August 2016.
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MSU 1211
MSU 1212

4
4

4
4

3
0

0
1

Lon
6
4

Renbarb1/Lon
0
6

Renbarb2/Lon

Hills/Genotype
3
0

Renbarb12/Lon

Number of hills for each genotype planted in the 2015/2016 Costa Rica Winter Nursery

Designation Renbarb1 Renbarb2 Renbarb12

Population

Table 2.8

0
1

Null

2016 Spring Greenhouse Seed Increase

Seed from selected entries were planted into a greenhouse located at the R. R. Foil
Plant Science Research Center. Selections for the greenhouse were made after
considering the amount of seed available from the 2015 growing season and potential
seed from the winter nursery. All gene combinations were planted in at least one pot, and
genotypes with the lowest amount of seed were planted in multiple pots, similar to the
winter nursery. Seed from each of the gene combinations was planted in 138 pots, as
described in Table 2.9.
Pest infestations, climate maintenance issues, and poor potting media quality
created problems in the growth and production of all plants in the greenhouse seed
increase. Two applications of orthene and 2 applications of cyhalothrin were made for
controlling whiteflies (Aleyrodidae species) and spider mites (Tetranychidae species).
Fertilization was carefully maintained to maximize production by watering with a 1%
solution of Miracle Gro® Water Soluble All Purpose Plant Food (24N-8P-16K)once a
day. The greenhouse was not fully sealed, making it difficult to maintain the optimum
temperature for growth and fully control pests. For this reason, the greenhouse was
maintained until August 2016 to allow for optimum seed production.
Each plant within each pot was individually tagged to facilitate marker testing,
and small quarter sized leaf samples were collected from each plant. Leaf samples were
taken to the USDA-ARS for processing and marker analysis following the previously
described methods used in field marker testing. Marker results were scored, and all nontrue breeding plants were removed and seed was discarded.
38

Seed from each plant was individually harvested, maintaining identification,
population, and genotype labels. After all seed was harvested, seed within the same
family/population of the same genotype was combined. The combined greenhouse seed
was acid delinted using sulphuric acid and then treated with Gustafson RTU-VitvaxThiram seed protectant fungicide. Seed was then packaged and prepared for resistance
testing at the USDA-Stoneville facility.
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LONREN-2 resistant parental check

BARBREN-713 resistant parental check

†

‡

LONREN-2 CK
BARBREN 713 CK‡

9
0
0

9
0
0

†

5

9

MSU 1211
MSU 1212

Renbarb2

Renbarb1

Designation
6
0
12

6

Renbarb12
6
12
0

3

Lon
9
0
0

9

Renbarb1/Lon
8
0
0

9

Renbarb2/Lon

2016 Greenhouse pots/Genotype

6
0
0

8

Renbarb12/Lon

Summary of number of pots per genotype for each population in the 2015/16 Greenhouse

Population

Table 2.9

6
0
0

6

Null

Nematode Resistance Quantification in Growth Chamber
Each set of the eight genotypes (full-sib breeding lines) developed from two
populations were evaluated in a growth chamber to quantify resistance to reniform
nematode. Parental germplasm lines BARBREN 713 and LONREN-2 were also
included as control genotypes for purposes of comparison. All evaluations for
quantifying resistance to reniform were conducted in a growth chamber located at the
USDA-ARS Crop Genetics Research Unit in Stoneville, MS. Growth chambers were
selected to provide a controlled environment, and are commonly used for measuring and
comparing nematode resistance (Robinson et al., 2004; Romano et al., 2009; Stetina et
al., 2014). All growth chamber specifications, including temperature, water-timing, and
cone-tainer were in accordance with the method described by Dr. Stetina et al. ( 2014).
Three separate growth chamber trials (GC1, GC2, and GC3) were planted and all were
established and managed according to the following procedure. A soil mixture of one part
soil to two parts sand was steam sterilized. Cone-tainers® ((Ray Leach SL-10 Conetainer; Stuewe& Sons, Inc., Tangent,OR) were filled with 120cm3 of sterilized soil
mixture. Two seed from each genotype was planted into small holes made in the soil of
each cone-tainer, then lightly covered with sterilized soil and positioned in the growth
chamber.
After germination, all genotype replications were thinned to one seedling per
cone-tainer to facilitate inoculation with nematodes. At one week old, prior to
inoculation, small leaf tissue samples were cut from the cotyledon using small sterile
scissors for marker testing. The leaf tissue samples were then analyzed by the USDAGBRU and marker results were scored for all seedlings in the growth chamber.
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The growth chamber was watered for 30 seconds automatically at 12 hour
intervals each day. Growth chamber temperature was maintained at 28°C with a 16 hour
day length. Seedlings were fertilized with 10 pellets/cone-tainer of granule fertilizer
Osmocote ® Smart-Release® Plant Food Plus Outdoor & Indoor 15-9-12 (The Scotts
Company, Marysville, OH) approximately 30 days after planting. Seedlings were
harvested sixty days following inoculation for nematode extraction and resistance
quantification (Stetina et al., 2014).
Nematode Inoculation of Growth Chamber
Three inoculation densities were selected as treatments for quantifying resistance.
A wide range of inoculation densities were selected to measure response of genotypes
when exposed to different levels of nematode pressure, as well as to ensure that at least
one inoculation density allows for separation of genotypes. Five replications of each
genotype within each population were treated with one of the three inoculations levels so
that each genotype within a population was treated with each inoculation level in both
GC2 and GC3. The three inoculation treatments included 5000 vermiform
nematodes/cone-tainer, 2300 vermiform nematodes/cone-tainer, and 0 nematodes/conetainer, or high, middle, and no nematodes. The 2300 level was selected to emulate field
conditions, while the 5000 inoculation was selected as an intense level of reniform
nematode infestation. Cone-tainers with no nematodes were inoculated with sterile water
and served as the control treatment to provide base line plant measurements for each gene
combination. The treatment with 2300 nematodes/cone-tainer was selected to induce
resistance responses in all resistant genotypes, and the 5000 nematodes/cone-tainer was
used to both induce a resistance response and possibly cause a high enough level of
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infection to cause stunting in the Renlon genotypes. Seedlings were inoculated seven days
post emergence establishment. Nematodes from populations maintained on tomato
(Solanum lycopersicum cv. Rutgers) at the USDA-ARS nematology lab were counted to
determine estimated population per mL, and mixed into suspension within 100mL sterile
water. Two suspensions were made, one with 2300 nematodes/ml and one with 5000
nematodes/ml. The no-nematode cone-tainers were inoculated with 1ml of sterile water.
A pipette tip was used to make a small 1cm hole in the cone-tainer near the plant and
inoculum was pipetted into each cone-tainer with the correct inoculum density.
Growth Chamber Trial Arrangement
Growth Chamber Trial 1
Growth chamber trial 1 (GC1) was established on September 26, 2016
with freshly harvested seed from the 2015-2016 green house increase, then harvested on
December 5, 2016. Originally, all growth chamber trials were to be arranged in a factorial
arrangement of treatments. In GC1, the number of seedlings available for the trial was
very low due to a germination rate of less than 50%. Since seed used in the trial was
harvested from the greenhouse only weeks prior to planting, poor germination was
attributed to endogenous dormancy, a condition in which germination is inhibited for a
period of time following seed maturation (Bewley, 1997). The design of GC1 was
altered to accommodate fewer plants due to poor germination. Number of replications
per genotype within each population was reduced to three, and the middle inoculation
level (2300 nematodes/ml) was eliminated. Therefore, inoculation treatments for GC1
included 5000 vermiform nematodes/cone-tainer (high level) and no nematodes/conetainer. Inoculation was also delayed until the test could be re-arranged, about a week and
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a half after germination. Due to problems with germination in GC1, this test was
considered as a trial or practice run to evaluate protocols and adjust procedures as needed
to help streamline methods in collecting plant measurements and nematodes counts in
subsequent trials. From the GC1, it was determined that seed would have to be treated to
break dormancy and pre-germinated to ensure there would be enough plants to complete
all replications.
Growth Chamber Trial 2
The second growth chamber trial (GC2) was planted on November 9, 2016 and
harvested January 17, 2017. Because of the problems that occurred with germination in
the GC1, seed was prepared prior to establishment. To improve uniformity of seed
germination and seedling stand establishment, seeds were soaked in hot water bath and
pre-germinated three days prior to planting into cone-tainers. Three grams of seed for
each genotype was placed in a hot water bath with distilled water at 60°C for one minute
and placed in a fan forced-air dryer for 1 hour (Mahill, 2016). Seed was then placed onto
augur petri dishes and kept in a germination chamber, until transport to the USDA-ARS
for planting. Germinated seed with similar radicle length were selected for transplanting
to cone-tainers to provide a uniform stand of seedlings. Seeds were established in a
factorial arrangement of treatments as originally planned, with population, genotype, and
inoculation level as factor treatments. One week after planting, five replications of each
genotype within each population were inoculated with nematodes at the no-nematode,
middle, and high inoculation levels.
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Growth Chamber Trial 3
The third and final growth chamber trial (GC3) was planted on January
11, 2017 and harvested on March 25, 2017. Similar to the GC2, steps were taken to
ensure germination prior to establishment. Three grams of seed was hot water treated
Three grams of seed for each genotype were hot water treated at 60°C for one minute and
placed in a fan forced-air dryer for 1 hour (Mahill, 2016). Due to some experimentation,
it was found that germination towels worked for pre-germination much like the petri
dishes, so to lower costs and time input, seed was wrapped in moist labelled germination
towels. Germination towels were placed in germination chamber for three days prior to
transport and establishment at the USDA-ARS facility in Stoneville. Like GC2, the GC3
was set up in a factorial arrangement of treatments as originally planned, with population,
genotype, and inoculation level as factor treatments.
Harvest and Nematode Extraction
Prior to harvest, water was poured into each cone-tainer to help loosen the soil.
After plant shoots were cut at soil level, shoot lengths (cm) were measured and number of
nodes recorded. Total number of nodes were counted starting at the first true leaf.
Pictures were taken of representative shoot samples for all genotypes at each inoculation
level to show any significant nematode stunting visually. Shoots were enclosed in brown
paper sacks and placed in a dryer at 60° for 72+ hours (Sikkens et al. 2011). For all noninoculated seedlings, soil was removed, roots were rinsed, and then placed in brown
paper sacks for drying Plant shoots we placed in separate paper sacks and dried following
the same protocol as for the roots. Soil nematode extractions were conducted on 6 noninoculated cone-tainers to confirm the absence of nematodes for each GC trial. Pictures
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were taken of a representative root sample for all gene combinations to provide visual
examples of any significant impact of nematodes on the roots.
For all inoculated plants, nematodes were extracted from the soil and the root
tissue of all plants. Soil vermiform nematodes were extracted were using standard
Seinhorst elutriation and sucrose centrifugation with a 454 g sugar/L sucrose mixture
(Jenkins, 1964; Byrd et al., 1976; Barker et al., 1986). Vermiform nematodes were rinsed
into sterile specimen cups using sterile water and placed in a refrigerator until nematode
counts were initiated. Eggs were extracted from the roots using the method described by
Hussey and Barker 1973 in which roots are cut into 2.5 cm sections, stirred for 10
minutes in a 0.6% NaOCl solution, and then eggs collected on a 25-µm-pore sieve.
Sterile water was used to rinse the nematode eggs into sterile specimen cups, and samples
were labelled and kept refrigerated until egg counts were conducted. Root tissue was
collected in brown paper sacks and placed in a dryer at 60°C for 72+hours (Sikkens et
al., 2011).
All tissue samples collected from each GC trial were transported to the MSU
cotton breeding field lab for weighing and recording dry weights. Root and shoot weights
(gm) were used to calculate total dry weight of all genotypes (gene combinations) for
each inoculation level. Dry root and shoot weights (gm) were summed to estimate total
dry weight and used to calculate the shoot/root ratio. Node count (total number of main
stem nodes) and shoot length (cm from soil level to top of main stem) were also
analyzed.
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Nematode Counts
Vermiform nematode and egg counts for the GC2 and GC3 were determined
using a SMZ 1000 Nikon stereomicroscope at 30x magnification to view a small petri
dish placed over a gridded pattern. Samples collected in specimen cups were filled to
30mL, stirred for 45 seconds, and a 0.5mL sample was extracted with a pipette while
swirling upwards, and placed in a petri dish for viewing. Sterile water was added until the
sample completely covered the bottom of the petri dish. The entire gird of the petri dish
was then counted and recorded. Samples with extremely high numbers of nematodes
were further diluted (1:10) to facilitate counts and increase accuracy. The additional
dilutions required stirring the 30mL solution to distribute nematodes and eggs while
collecting 1mL of the nematode solution. The 1mL nematode suspension was added to
9mL of sterile water in a glass tube and inverted 25 times to mix the dilution. A 0.5 mL
sample was then pipetted to a petri dish for conducting counts as previously described.
Soil nematode/120cm3 of soil and eggs/root system counts were log transformed
[log10(x+1)]to normalize the data prior to analysis (Noe, 1985). Raw nematode counts
were used to calculate reproduction factor (RF) (Jones et al., 1967) where RF=Pf/Pi, and
Pf=final population (nematode population on roots and in soil at time of harvest)
Pi=initial population, or inoculation level (no nematode, middle, or high).
Statistical Analysis
Trials GC2 and GC3 were arranged in a factorial arrangement of treatments with
5 replications and three factors; population, inoculum level, and genotype. There were
two populations, 3 inoculum levels, and 8 different genotypes. Significance was tested
across interactions and data was combined across factors where possible. Analysis of
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nematode reproduction (RF, egg count, and soil nematode count) and plant response data
(root and shoot weight, total dry weight, node count, and plant height) was conducted
using SAS software Proc GLIMMIX (SAS Institute Inc.) for trials GC2 and GC3.
Inoculum, genotype, and population were treated as fixed effects in the model, while run
and replication were treated as random sources of variation. Means were separated using
Fisher’s protected least significant difference (LSD) at the 0.05 α level (P = 0.05) when
the analysis indicated significant treatment differences. Since the number of inoculation
levels in GC1 had to be reduced to accommodate poor germination, this single trial was
analyzed as a RCBD using SAS PROC GLM and data was not included in an analysis
over trials. The two resistant checks, LONREN-1 and BARBREN-713 were not included
in analysis due to low replication count in all trials, likely caused by seed quality.
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CHAPTER III
RESULTS AND DISCUSSION OF GENE COMBINATON EFFECTS ON RENIFORM
NEMATODE RESISTANCE

Introduction
Initially, six populations in the MSU cotton breeding segregating for resistance to
reniform nematode were identified for MAS. Following three generations of MAS within
each of the six populations, a set of eight genotypes were identified within two F3:F4
populations for developing into lines to represent each genotype. Following two
additional generations of MAS, eight genotypes (lines) were used for evaluating
responses to reniform nematode in GC trials (Table 2.7). Identifying genotypes to
represent all possible combination of three genes was a considerable challenge, especially
when attempting to control the number of samples (and expense) for marker testing.
From the first MAS plants within initial F2 and F3:F4 breeding populations, to the F5:F6
generation of plants tested in growth chambers, more than 3,700 leaf and root-tip samples
were tested for the presence of three resistance gene markers. In addition, more than
2,000 lateral flow test strips were used in an effort to minimize the AP of GMO traits in
MAS plants.
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Each generation of MAS resulted in a limited number of plants for each genotype.
Prior to the first GC trial, seed of each F4:F5 genotype selected for the GC trials were
planted in a winter greenhouse (2015) in an attempt to increase the quantity of seed. In
addition, seed of each genotype was also shipped to Costa Rica in the winter of 2015 for
planting to seed increase plots (hills). Since the Costa Rica winter nursery seed increase
facility was in the process being established in 2015, some administrative and technical
problems were anticipated. However, due to significant issues related to seed shipments,
and to lesser degree, seed production problems, the seed increase at Costa Rica was not
used for GC trials. Although the winter greenhouse seed increase provided for advancing
the generation, and allowed for marker confirmation of genotypes prior to the GC trials,
conditions in the greenhouse resulted in very limited quantities of seed for some
genotypes. Planting another year in the field with favorable conditions would have
provided opportunity for a significant increase in seed quantities and an additional
generation of marker testing to improve homogeneity genotype within each of the lines,
however increase seed from the greenhouse increase and Costa Rica seed increase were
not available until late summer 2016, and therefore arrived too late to be planted in 2016
field trials.
Poor germination, attributed to a degree of dormancy from the use of recently
harvested seed in the GC1 trial resulted in additional seed preparation (hot water treating
seed) prior to growth chamber planting. Germination problems in the GC1 trial resulted
in only 96 plants surviving of the 540 planted, requiring reconfiguration of the. For the
GC2 and GC3 trials, seed was pre-germinated prior to planting, resulting in improved
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stand and provided a sufficient number of seedlings for 5 replications of each
genotype*population at all three inoculation levels.
Increased seed quantities and delaying the time from harvest to planting (to avoid
dormancy problems) would have reduced some of the challenges related to seedling stand
establishment. The original plan for this study included a field trial to evaluate the
impact of different gene combinations on yield and fiber quality traits. However, once it
became apparent that the quantity seed available for testing was to be severely limited,
the field component of the study was abandoned.

Resistant Checks

The objective of testing for resistance was to compare performance of gene
combinations of Renlon and Renbarb genes within closely related populations (full sibs).
The resistant checks did not share a genetic background and are largely unrelated to the
two populations, but were used instead as a resistant standard for resistance testing of
these genotypes. Resistant checks LONREN-2 and BARBREN-713 were analyzed
separately in both the GC1 analysis and the GC2/GC3 analysis. There were fewer
replications for checks compared to the other genotypes when combined over trials.. .
There were no significant differences between the two checks for any plant response trait
or resistance measurement, and no significant interactions effects between fixed effects.
Means of resistant checks are presented at the bottom of all tables for genotypes within
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breeding populations as a reference point and for comparison of genotypes to known
resistant germplasm lines.

GC1 Analysis

Major problems in germination resulted in the first trial of the test severely
lacking in replications. Therefore the decision was made to drop the low inoculum level
and lower replications to three plants/treatment combination. Plants were also blocked by
seedling height and growth stage prior to inoculation. Because of this, it was decided that
this trial would be analyzed separately and results would be compared to the larger,
complete trials. An analysis of variance was conducted across fixed effects population
and genotype and all interactions for the nematode and egg counts and RF, and across
genotype, population, and inoculum for all plant response measurements (Table 3.1).
Table 3.1

†

Analysis of variance across genotype and population and their interaction
for reproduction factor of reniform nematodes on seedlings (RF), log of
soil nematode count/120cm3 of soil (Soil Ct log), and log of number of
eggs per palnt root mass (Egg Ct log) for all at the 5000 reniform nematode
inoculum level in Growth Chamber Trial 1.

Source of
Variation

RF

Soil ct
(log)

Egg ct
(log)

Rep

NS†

NS

NS

Population

NS

NS

NS

Genotype

<.0001

NS

NS

Pop*Geno

NS

NS

NS

No significant difference.
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GC1 Nematode, Egg Count and RF Analysis
Genotype and genotypes by inoculum were the only significant interaction effects
for the GC1 in regards to nematode count and RF means. Therefore data for nematode
counts (nematodes/120cm3 of soil and eggs/root system) and RF was analyzed over
populations at the high inoculum level (Table 3.2).
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NS
NS
<.0001
0.04
NS
NS

NS
NS
<.0001
NS
NS
NS

Population

Geno*Pop

Inoculum

Geno*Inoc

Pop*Inoc

Geno*Pop*Inoc

No significant difference

NS

NS†

Genotype

†

Shoot dry
wt

Total dry
wt

NS

NS

NS

<.0001

NS

NS

NS

Root dry
wt

NS

NS

NS

NS

NS

NS

NS

Plant
height

NS

NS

NS

NS

NS

NS

NS

Node

NS

NS

0.0263

NS

NS

NS

0.0357

Ratio

Analysis of variance across genotype, population, inoculum, and their interactions for seedling total dry weight
(total wt), shoot dry weight (shoot wt), root dry weight (root wt), plant height, number of nodes, and shoot:root
ratio (ratio) for seedlings in Growth Chamber Trial 1.

Source of Variation

Table 3.2

GC1 RF Analysis
Least squares means for RF, nematode and egg counts for the GC1 5.0k inoculum
level are presented in Table 3.3a. There was no significant difference in RF for the
susceptible genotype (NULL) and the Renbarb1, indicating a lack of resistance associated
with the Renbarb1 genotype. There were no significant differences for RF between the
remaining genotypes (Renbarb2, Renbarb12, Renbarb1/Renlon, Renbarb2/Renlon, Renbarb12/Renlon
and Renlon). Genotypes Renbarb12 and Renbarb2 have RF values slightly higher than 1.0,
indicating that the reniform nematode population was increasing. The genotypes
possessing the Renlon genotype all had RF values less than 1.0, indicating a strong
resistance and that the nematode population was decreasing.
When compared to the LONREN-2 (Renlon) and BARBREN-713 (Renbarb12) mean
RF, the genotypes containing the same genes performed similarly. The LONREN-2
genotype had a very low RF and the Renlon genotypes had similar low RF values. The
Renbarb12 and Renbarb2 genotypes also performed similarly to the BARBREN-713.

GC1 Egg and Nematode Count Analysis

The least squares means for non-transformed soil nematode count means at the
5.0k inoculation level for GC1 are presented in Table 3.3. Analysis was conducted over
log transformed data to normalize the data and variance. Log transformed soil nematode
means were not significantly different for all genotypes, however the Renbarb1 and the
susceptible genotypes supported higher numbers of vermiform nematodes.
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The least squares means for egg counts in the GC1 at the 5.0k inoculum can be
referred to in Table 3.3. Log-transformed egg count means for the Renbarb1 and the
susceptible genotypes were only significantly higher than the Renbarb2/Renlon. The other
genotypes were not significantly different than the Renbarb1 and the susceptible genotype.
The Renbarb2/Renlon genotype had the lowest number of eggs/root system. When
compared to the BARBREN-713 resistant check, the Renbarb12 and Renbarb2 genotypes had
comparable egg and nematode counts, while the genotypes including the Renlon gene had
counts similar to the LONREN-2 resistant check.
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6.51B
5.33B
0.38B

Renbarb2

Renbarb12

Renbarb1/Renlon

254.37

0.04

LONREN-2

458.33

660.00

403.33

898.33

1555.44

7627.44

16251.98

45884.75

61205.03

Soil ct

1.11

1.12AB

1.05AB

0.34B

1.01AB

1.89AB

2.10AB

2.41A

2.77A

Egg ct Log

1.00

1.45A

1.40A

1.52A

1.43A

1.80A

2.19A

2.26A

2.53A

Soil ct Log

BARBREN2.48
8690.00
3703.33
1.94
1.86
713
†
Means followed by the same letter within a column are not significantly different according to LSD (0.05)

238.33

0.18B

504.17

Renbarb12/Renlon 0.18B

Renlon

18.33

327.96

19033.46

0.18B

Renbarb2/Renlon

110910.30

31.36A

NULL
16273.26

175122.48

47.27A †

Renbarb1

Egg ct

RF

Least square means for reproduction factor (RF), eggs/root system (Egg ct), nematodes/120cm3 of soil (Soil ct),
Log transformed eggs/root system (Egg ct Log), and Log transformed nematodes/120cm3 of soil (Soil ct Log)
5.0k inoculum level in GC1.

Genotype

Table 3.3

GC1 Plant Response Measurement Analysis

The initial analysis of variance for plant response measurements over nematode inoculum
levels, populations, and genotypes, indicated very few differences in treatments and
genotype effects. To gain more insight into genotype influence on plant growth response,
a second analysis was conducted to determine if there were differences among genotypes
within each of the two inoculum levels. An analysis of variance was conducted over
populations for the non-inoculated (0.0k) and 5.0k inoculum levels. Least squares means
for all plant response measurements in the GC1 is presented by inoculum in Table 3.4
and Table 3.5.
An analysis of plant response measurements for the non-inoculated nematode
level identified significant differences among genotypes for number of nodes and
shoot:root ratio(ratio) (Table 3.4). Since no significant Genotype x Population interaction
effects were observed, means for genotypes, combined over the two populations, were
examined for node number (node) and shoot/root ratio (ratio). In the absence of
nematodes (0.0k), it appeared that node number was slightly reduced for genotypes
possessing the Renlon gene. With the exception of Renbarb1, all genotypes possessing the
Renlon gene had slightly fewer nodes. A similar trend was not observed for ratio,
however, the two most susceptible and Renbarb1 genotypes tended to have the higher
ratios than the remaining genotypes, indicating lower root mass in comparison with shoot
mass, despite the absence of nematodes. The resistant checks had a higher ratios than the
genotypes, except for the Renbarb1 and susceptible (null) genotypes. However, node
counts for genotypes were similar to the BARBREN-713 and LONREN-2 resistant
58

checks, with exception Renbarb2 genotype which had higher node count than the
BARBREN-713 check. Height and dry weights were not significantly different.
Least squares means of plant traits for the 5.0k inoculum level identified
differences among genotypes for height, root dry weight, shoot dry weight, and total dry
weight (Table 3.5) As no other significant treatment interactions were observed, means
for genotypes were combined over population and analyzed at each inoculum level. Plant
height for the susceptible genotype was reduced more than all other genotypes. Resistant
genotypes Renbarb12 and Renbarb12/Renlon produced the tallest seedling when inoculated
with 5000 nematodes. Plants possessing the Renbarb1/Renlon and Renbarb2/Renlon gene
combinations were significantly shorter than Renbarb12/Renlon genotype. The BARBREN713 check was taller than all genotypes, but the LONREN-2 was comparable to the Renlon
genotype and other Renlon possessing gene combinations.
The susceptible and Renbarb1 genotypes resulted in seedlings with lowest shoot dry
weights. The resistant checks had slightly higher shoot dry weights than all but the
Renbarb2/Renlon genotype. For root dry weight, the susceptible had the lowest root weight,
though not significantly different from the Renbarb12/Renlon , Renbarb1/Renlon and Renbarb1.
The susceptible and Renbarb1 possessed the lowest root dry weights at the 5.0k
inoculum level. The Renbarb1 was only significantly different from the Renbarb2/Renlon
which had the highest overall root dry weight.
Total seedling dry weights tended to be greatest for genotypes possessing the Renlon gene,
while the lowest total weights were observed for the susceptible and Renbarb1 genotypes.
Resistant checks had were had greater total dry weights than the other genotypes, except
for the Renbarb2/Renlon genotype.
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6.50ABC
6.83AB

19.00
22.58

18.42

18.83

20.75

14.83

0.69
0.64

0.60

0.63

0.68

1.28
1.20

1.11

1.19

1.24

1.27

1.49

Shoot wt
1.22

1.97
1.84

1.71

1.82

1.91

1.89

2.03

Total wt
1.56

1.93C
1.87C

1.93C

2.01BC

2.07BC

2.35BC

2.87B

Ratio
3.76A

6.33
18.83
.53
1.35
1.87
2.61
LONREN-2
27.17
.53
1.58
2.13
3.12
BARBREN-713 6.67
†
Means followed by the same letter within a column are not significantly different according to LSD (0.05)

Renbarb12

5.83C

6.67ABC

Renlon

Renbarb1/Renlon

7.20A

Renbarb2

Renbarb12/Renlon

6.00BC

Renbarb2/Renlon
0.62

0.54

6.80AB

NULL

28.33

Root wt
0.33

Node
Height
†
6.33ABC 20.29

Least square means for node, plant height, root dry weight (root wt), shoot dry weight (shoot wt), total dry
weight (total wt) and shoot:root ratio (ratio) 0.0k inoculum level in GC1

Genotype
Renbarb1

Table 3.4
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5.92
7.17
6.75
6.33

Renbarb1/Renlon

Renbarb12
NULL
Renbarb1
20.21AB
15.25E
15.38DE

17.75BC

18.00ABC

Height
17.58DC†
18.08ABC
20.25A

0.34AB
0.29C
0.30BC

0.36ABC

0.45AB

Root wt
0.50A
0.44AB
0.40ABC

0.94BCD
0.66D
0.75CD

0.97ABC

0.94BC

Shoot wt
1.27A
1.09AB
1.03ABC

1.28BCD
1.07CD
1.06D

1.33BCD

1.39BCD

Total wt
1.77A
1.53AB
1.44ABC

2.80
2.71
2.51

2.74

2.12

2.62
2.59
2.71

Ratio

LONREN-2
6.00
17.00
0.46
1.20
1.66
2.72
BARBREN-713 6.67
23.67
0.55
1.32
1.86
2.41
†
Means followed by the same letter within a column are not significantly different according to LSD (0.05)

6.75

Renbarb2

Node
6.67
6.67
6.67

Least square means for node, plant height, root dry weight (root wt), shoot dry weight (shoot wt), total dry
weight (total wt) and shoot:root ratio (ratio) 5.0k inoculum level in the GC1

Genotype
Renbarb2/Renlon
Renlon
Renbarb12/Renlon

Table 3.5

GC2 and GC3 Combined Analysis
Data from GC2 and GC3 was combined for an analysis over the two trials (runs).
Combining data over runs was justified based upon the premise that any information
gained helping to characterize how the Renlon gene is expressed could have direct
applications in plant breeding, and not unlike characterizing a trait such as yield over
multiple environments, evaluating expression of this gene in as many reps, environments,
years, or runs (Blouin et al., 2011). In addition, combining runs would provide a better
measure for those genotypes with missing observations. Any differences or significant
trial x fixed effects (populations, genotypes, and inoculum) interactions can be accounted
for in an increased variance of least squares means when treating trial run (GC2 or GC3)
and replication as random effects. As the interest of this study is to determine the effects
of genotypes and the interaction of gene combinations when applied over a wide range of
conditions, trial (run) and replications interactions were treated as random effects in the
model for analyses of variance.
Results for the analysis of variance across populations, genotypes, inoculum, and
their interactions for each measurement are summarized in Table 3.6. There was no
significant genotype x population x inoculum or population x inoculum interaction for
any trait. Population was not significant for any trait, therefore populations were
combined for analysis. Genotypes differed for every trait except for plant height and
ratio. A significant genotype x inoculum interaction was observed for RF, soil count
(log), egg count (log) and shoot dry weight. A significant genotype x population
interaction was only observed for total dry plant weight. Root dry weight and node count
both had significant genotype effects, indicating that genotype impacted these
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measurements. Plant height and shoot: root ratio had no significance for any fixed effect
or interaction.
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†

0.0005
NS
NS
0.0038
0.0008
NS
NS

0.0005

NS†
NS

NS
<.0001
NS

Genotype

Population

Geno*Pop

Inoculum

Geno*Inoc

Pop*Inoc

NS
Geno*Pop*Inoc
No significant difference

Soil
ct(log)

RF

NS

NS

<.0001

0.0024

NS

NS

<.0001

Egg
ct(log)

NS

NS

NS

NS

0.0284

NS

0.0021

Total
dry wt

NS

NS

0.0496

NS

NS

NS

0.0031

Shoot
dry wt

NS

NS

NS

NS

NS

NS

0.0154

Root dry
weight

NS

NS

NS

NS

NS

NS

0.0092

Node

NS

NS

NS

NS

NS

NS

NS

Ratio

NS

NS

NS

NS

NS

NS

NS

Plant
height

Analysis of Variance across all populations, genotypes, and inoculum levels, and all associated interactions for
reproduction factor (RF), eggs/roots system (egg ct) and nematodes/120cm3 of soil (soil ct), log transformed
counts, total wt, shoot wt, root wt, node count, height and ratio for combined GC2 and GC3 trials.

Source of
Variation

Table 3.6

GC2 and GC2 Nematode , Egg Count and RF Analysis
RF Analysis
Least squares means for RF, nematode and egg counts, combined across
population and analyzed by each inoculum level is presented in Table 3.6 and Table 3.7.
At the 2.3 k inoculation level, the susceptible (NULL) and Renbarb1 genotypes had
significantly higher RF values than all other resistance gene combinations. Though not
significant, all genotypes possessing the Renlon gene exhibited lower RF values compared
to the single Renbarb genes, with Renlon possessing genotypes with RF values ranging
from 1.10-5.85 while the Renbarb2 and Renbarb12 genes had RF values ranging from 8.4216.0 respectively. At the 2.3k inoculum level all RF means were slightly greater than 1.0,
indicating that nematode populations were increasing. However, when compared with the
susceptible genotype, all resistance genes excluding the Renbarb1, had significantly lower
RF values indicating resistance. Renbarb12/Renlon had the lowest RF at this level, though
not significantly different from other resistant gene combinations excluding the Renbarb1.
For the 5.0k inoculation level indicated that the susceptible genotype and Renbarb1
genotype were significantly higher RF means than all other resistance gene combinations,
similar to results found at the 2.3k inoculum level. All other genotypes were not
significantly different in regards to RF means, however genotypes possessing the Renlon
gene had RF values lower than 1.0, ranging from 035-0.71. This indicates that the
nematode population was declining, and that these genotypes were highly resistant. The
Renbarb2 and Renbarb12 had RF values greater than 1.0, ranging from 13.47-15.13,
indicating that the nematode population was increasing, suggesting that the genotypes are
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moderately resistance when compared to the susceptible genotype. Renbarb12/Renlon had
the lowest RF value at the 5.0k inoculum level, though not significantly different from
other resistant gene combinations excluding the Renbarb1.
Compared to the LONREN-2 and BARBREN-713 resistant checks the Renlon
gene combinations at the 2.3k inoculum level performed similar to the LONREN-2
resistant check. The Renbarb12 and Renbarb2 genotypes performed slightly worse than the
BARBREN-713 resistant check, having slightly higher RF values. At the 5.0k inoculum
level, however, the Renlon genotypes exhibited more resistance than the LONREN-2
resistant check, while the BARBREN-713 was more resistant than then Renbarb12 and
Renbarb2.

Egg Counts

Least square means for transformed egg counts per root system are presented for
2.3k and 5.0 k inoculation levels (Table 3.7 and Table 3.8). The normalized (logtransformed) eggs/root system for susceptible genotype and Renbarb1 was significantly
higher than any other genotype at the 2.3k inoculum level. The Renbarb2 and Renbarb12
genotypes were not significantly different from the Renbarb1/Renlon genotype. The Renbarb2
and Renbarb12 had significantly higher egg counts than the remaining Renlon possessing
genotypes, but were significantly lower than the susceptible genotype and
Renbarb1genotype. The Renbarb12/Renlon, Renbarb2/Renlon and Renlon genotypes were not
significantly different, and had lower egg counts than all other gene combinations. The
Renlon genotype had the lowest egg count overall at the 2.3k inoculum level.
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The susceptible Renbarb1 and Renbarb2 genotypes had the highest overall egg
count/root system means at the 5.0k inoculum level. The genotype Renbarb12 was
significantly different from the susceptible and the Renbarb1 genotype, however it was not
significantly different from the Renbarb2 or the Renbarb1/Renlon genotype. Genotypes with
the Renlon gene produced the lowest egg count at the 5.0k inoculum level, though not
significantly lower than the Renbarb1/Renlon, Renbarb12/Renlon and Renbarb2/Renlon genotypes.
Compared to the resistant checks, LONREN-2 and BARBREN-713 the gene
combinations possessing the Renlon gene at both the 2.3k and 5.0k inoculum level had
slightly higher eggs counts than the LONREN-2 resistant check. The Renbarb12 and
Renbarb2 genotypes also had similar egg counts than the BARBREN-713 resistant check at
both the 2.3k and 5.0k inoculum level.

Soil Nematode Counts

Least square means for transformed nematodes/120cm3 (soil nematode count) of
soil are presented for 2.3k and 5.0 k inoculation levels (Table 3.7 and Table 3.8). Nontransformed means are presented for both inoculum levels as a reference of mean soil
nematode count. The susceptible and Renbarb1 genotype had the highest soil nematode
counts at the 2.3k inoculum level. The Renbarb12 and Renbarb2 were not significantly
different from the susceptible or Renbarb1 genotypes. All Renlon possessing genotypes
produced significantly lower soil nematode counts than the susceptible and the Renbarb1.
The Renlon genotype was had the lowest mean soil nematode count.
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The susceptible, Renbarb1, and Renbarb12 genotypes were not significantly different,
and Renbarb1 produced the highest soil nematode count at the 5.0k inoculum level. The
Renbarb2 genotype was not significantly different from the susceptible or the Renbarb12
genotype. All genotypes possessing the Renlon gene were significantly lower soil
nematode counts than the Renbarb12 , Renbarb1 and, Renbarb2 genotypes and the susceptible
genotype. While the Renbarb12/Renlon genotype had the lowest mean soil count, it was no
significantly lower than Renbarb12/Renlon and Renbarb1/Renlon genotypes.
The LONREN-2 lower soil nematode counts than all other gene combinations,
while the BARBREN-713 check supported similar soil nematode counts to all gene
combinations except the Renbarb1 and susceptible genotypes.
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†

3.63AB
3.67AB
2.85BC
2.23C
2.64BC
2.34C

4.70A
4.53A

1.93
2.74

8.26
0.0062

Soil ct (Log)

Means followed by the same letter within a column are not significantly different according to LSD (0.05)

477.54
1342.95

0.89
2.46

75.0
1358.33

4.12B
3.56B
3.36B
1.98C
2.87C
2.23C

.3032
1.66

11809.00
7104.24
9822.42
1860.57
2835.62
503.30

5.73A
5.66A

LONREN-2
BARBREN-713

24902.00
13227.00
3286.80
930.54
1078.13
1806.37

107438.00
84015.00

Egg ct (Log)

33.57
<.0001

16.00B
8.42B
5.85B
1.25B
1.11B
1.10B

Renbarb2
Renbarb12
Renbarb1/Renlon
Renlon
Renbarb2/Renlon
Renbarb12/Renlon

650362.00
539904.00

Soil ct

15.33
0.0009

329.48A†
271.02A

NULL
Renbarb1

Egg ct

F-value
P<F

RF

Least squares means for reproduction factor (RF), eggs/root system (Egg ct), nematodes/120cm3 of soil (Soil ct),
Log transformed eggs/root system (Egg ct Log), and Log transformed nematodes/120cm3 of soil (Soil ct Log) at
the 2300 reniform nematode inoculum level for the combined Growth chamber trial 2 and 3 analysis

Genotype

Table 3.7
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†

4.84
0.90

LONREN-2
BARBREN-713
477.54
1342.95

24177
2947

19377.00
17561.00
1046.94
1186.50
1417.00
732.40

123395.00
109113.00

Soil ct

0.36
2.73

14.61
0.0011

4.34AB
3.96BC
2.17D
2.35CD
1.86D
2.03D

5.68A
5.74A

Egg ct (Log)

3.87B
3.96AB
2.42C
2.67C
2.66C
2.10C

4.61AB
4.82A

2.65
3.05

15.42
0.0009

Soil ct (Log)

Means followed by the same letter within a column are not significantly different according to LSD (0.

22.45
0.0003

55821.00
49791.00
2514.89
1846.49
562.50
1059.37

15.13B
13.47B
0.71B
0.62B
0.40B
0.35B

F-value
P<F

568050.00
680430.00

138.04A†
155.60A

NULL
Renbarb1
Renbarb2
Renbarb12
Renbarb2/Renlon
Renbarb1/Renlon
Renlon
Renbarb12/Renlon

Egg ct

RF

Least squares means for reproduction factor (RF), eggs/root system (Egg ct), nematodes/120cm3 of soil (Soil ct),
Log transformed eggs/root system (Egg ct Log), and Log transformed nematodes/120cm3 of soil (Soil ct Log) at
the 5000 reniform nematode inoculum level for the combined Growth chamber trial 2 and 3 analysis

Genotype

Table 3.8

GC2 and GC3 Plant Response Measurements Analysis
Total Dry Weight

Least squares means for the total dry weight population x genotype interactions is
located in Table 3.9. The susceptible and Renbarb1 genotypes had the lowest total dry
weights for both populations, but were not significantly different from the Renlon in the
MSU1212 population. This lack of difference may be a slight indication of Renlon
associated stunting. The Renbarb2/RenLon, Renbarb12, Renbarb12/Renlon of population
MSU1212 and the Renlon and Renbarb12 of MSU1211 were not significantly different.
However all of these genotypes produced significantly higher weights than the lowest
weights found in the susceptible and Renbarb1 genotypes of both populations All also had
higher total dry weight than the Renlon genotype of MSU1212. In general, the MSU1212
population had slightly higher total dry weight than the MSU1211 population. While not
always significant, combined genotypes of Renbarb and Renlon did not have significantly
different weights than Renbarb1 , Renbarb2 , and Renbarb12 genes for both populations.
Then Renbarb12 and Renbarb2 genotypes in both populations had total dry weight
similar to the BARBREN -713. However the Renbarb12/Renlon and other Renlon possessing
genotypes had slightly higher total dry weight than the BARBAREN-713 resistant check.
The Renlon genotype in the MSU1212 population had similar mean total dry weight as the
LONREN-2 resistant parent. Both the Renlon genotype in the MSU1211 population and
the genotypes possessing the Renlon gene in both populations had higher total dry weight
compared with the LONREN-2.
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Table 3.9

Least squares means of the total dry weight of seedlings in grams (total wt)
over all inoculum levels in the combined Growth chamber 2 and 3 analysis

Population

Genotype

Weight
(gm)

MSU1212
MSU1212
MSU1212
MSU1211
MSU1211
MSU1212
MSU1211
MSU1212
MSU1211
MSU1211
MSU1211
MSU1212
MSU1212
MSU1211
MSU1211

Renbarb2/Renlon
Renbarb12
Renbarb12/Renlon
Renlon
Renbarb12/Renlon
Renbarb1/Renlon
Renbarb12
Renbarb2
Renbarb2
Renbarb2/Renlon
Renbarb1/Renlon
Renlon
Renbarb1
NULL
Renbarb1

2.40 A†
2.36AB
2.22ABC
2.21ABC
2.16A-D
1.98B-E
1.96B-E
1.94B-E
1.90C-F
1.83D-G
1.80D-G
1.73E-H
1.69E-H
1.55FGH
1.49GH

MSU1212

NULL

1.40H

F-value
P<F

4.75
0.0284

1.7
LONREN-2
1.85
BARBREN-713
†
Means followed by the same letter within a column are not significantly different
according to LSD (0.05)
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Root Dry Weight

Least squares means by genotypes for root dry weight is presented in Table 3.10.
The susceptible genotype produced a significantly lower root dry weight than all other
genotypes except for Renbarb1. The Renbarb1 genotype was not significantly different from
the susceptible. The Renbarb1 genotype was also not significantly different from the
Renbarb2, Renbarb12, Renlon, or Renbarb1/Renlon genotypes. The Renbarb2/Renlon and
Renbarb12/Renlon genotypes had the highest root dry weights, but were only significantly
higher than the Renbarb1 and susceptible genotypes. Both the LONREN-2 and
BARBREN-713 had slightly lower root dry weight than the other genotypes excluding
the Renbarb1 and the susceptible null.
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Table 3.10

Least squares means of root dry weight of seedlings in grams (root wt) for
both breeding populations over all inoculum levels in the combined Growth
chamber 2 and 3 analysis

Genotype

Root dry wt
(gm)

Renbarb2/Renlon

0.64A†

Renbarb12/Renlon

0.64A

Renbarb1/Renlon
Renlon

0.57AB
0.55AB

Renbarb2

0.55AB

Renbarb12
Renbarb1
NULL

0.54AB
0.47BC
0.39C

F-value
P<F

5.98
0.0154

LONREN-2
0.48
BARBREN-713
0.43
†
Means followed by the same letter within a column are not significantly different
according to LSD (0.05)

Node Count

Least squares means and analysis of the significant genotype effect for plant node
count is presented in Table 3.11. The susceptible genotype had the lowest node count, but
was only significantly different from Renbarb12, Renlon, and Renbarb2 genotypes. The
Renbarb2 had the highest node count followed by the Renlon genotype. The Renlon genotype
was not significantly different from the Renbarb12, any other Renlon gene possessing
combination except for Renbarb12/Renlon , and the Renbarb1 genotype. The BARBREN-713
had slightly lower node count than the Renbarb12 and Renbarb2 genotypes, but performed
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similarly to the Renbarb12/Renlon , Renbarb2/Renlon ,and Renbar12/Renlon gene combinations.
The LONREN-2 resistant check was similar to the Renbar12/Renlon ,susceptible and
Renbarb1 genotypes, and the Renlon had slightly higher node count possibly indicating
some slight stunting.

Table 3.11

Least squares means of genotype effect for node count (node) of plant for
both population over all inoculum levels.

Genotype
Renbarb2
Renlon
Renbarb12
Renbarb2/Renlon

Node ct
7.74A†
7.20B
7.16BC
7.01BCD

Renbarb1/Renlon

6.92BCD

Renbarb1
Renbarb12/Renlon
NULL

6.83BCD
6.70CD
6.62D

F-value
P<F

7.21
0.0092

LONREN-2
6.6
BARBREN-713
6.96
†
Means followed by the same letter within a column are not significantly different
according to LSD (0.05)

Shoot Dry Weight
The genotype by inoculum interaction was significant for shoot dry weight, and
the least squares means for each inoculum level are presented in Table 3.12. Therefore,
an analysis of variance of genotypes was performed for each inoculum to determine

75

difference among genotypes at each inoculum level, similar to the nematode counts and
reproduction factor. The exception is the decreasing shoot dry weight for the susceptible
and Renbarb1 genotypes as inoculum level increase. There was no significant difference
for the susceptible and Renbarb1 and susceptible genotype at any inoculum level.
At the 2.3k inoculum level, the susceptible and Renbarb1 genotypes were
significantly smaller than all other genotypes, except the Renbarb1/Renlon genotype. The
Renbarb1/Renlon was not significantly different from the Renbarb2/Renlon , Renbarb12 Renbarb2 ,
and Renlon genotypes at the 2.3k inoculum level. The Renbarb12/Renlon genotype had the
highest shoot dry weight at the 2.3 inoculum level, but it was not significantly higher than
the Renbarb2/Renlon , Renbarb12, Renbarb2 , and Renlon genotypes.
The susceptible and Renbarb1 genotypes also had significantly smaller shoot dry
weights than all other genotypes at the 5.0k inoculum level. There was no significant
differences in shoot dry weight for the remaining genotypes, Renbarb12 Renbarb2 ,
Renbarb1/Renlon, Renbarb2/Renlon , Renbarb12 /Renlon , and Renlon at the 5.0k inoculum level.
At the 0.0k inoculum level, the Renlon possessing genotypes all had higher shoot
dry weights than the LONREN-2 resistant check. The BARBREN-713 shoot dry weight
was similar to the Renbarb12 , Renbarb2 genotypes, and the Renbarb2/Renlon , and Renbarb12
/Renlon genotypes. The LONREN-2 and BARBREN-713 shoot dry weight at the 2.3k
inoculum level was much smaller than all other genotypes, except for the susceptible and
Renbarb1 genotypes. The resistant checks produced larger shoot dry weight than the
susceptible and Renbarb1 genotypes, and were comparable to all other genotypes at the
5.0k inoculum level, and the Renbarb1/Renlon.
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Table 3.12

Least squares means of dry shoot weight (shoot wt) for every genotype at
the 0.0k, 2.3k, and 5.0k inoculum levels over populations for GC2 and
GC3.
Shoot wt

†

Genotype

0.0k

2.3k

5.0k

Renbarb12/Renlon

1.61AB†

1.69A

1.32A

Renbarb12

1.73A

1.59AB

1.46A

Renbarb2

1.39AB

1.47AB

1.26A

Renbarb2/Renlon

1.54AB

1.45AB

1.43A

Renlon

1.56AB

1.45AB

1.24A

Renbarb1/Renlon

1.32B

1.26BC

1.39A

NULL

1.36B

1.04C

0.85B

Renbarb1

1.52AB

0.98C

0.89B

F-value

1.81

7.17

5.65

P<F

0.2266

0.0093

0.018

LONREN-2

1.25

1.17

1.21

BARBREN-713

1.56

1.23

1.47

Means followed by the same letter within a column are not significantly different according to LSD (0.05)
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Discussion
The two main objectives of this study were 1) to develop closely related (full-sib)
breeding lines of genotypes representing all combinations of Renbarb1, Renbarb2, and
Renlon genes for resistance, as well as a susceptible genotype, and 2) quantify and
compare resistance in a controlled environment to determine the effects of gene
combination on resistance. Two populations representing all gene combinations were
successfully developed and increased to the F5:F6 generation prior to testing for
resistance. Evaluations for resistance were conducted and it was found that the Renbarb1
gene provided little to no reniform nematode resistance. Combinations of the Renbarb1,
Renbarb2, and Renlon performed similarly to the RenLon gene alone and the LONREN-2
resistant check. There was also no strong indication of stunting in the Renlon genotype,
and combined genotypes of Renbarb1, Renbarb2, and Renlon often performed similarly to
resistant checks and the Renbarb1, Renbarb2, and Renlon single genotypes. Discussion of
results suggests that further studies, particularly in field conditions, may provide clearer
answers to the questions posed by this study.
While trends in analysis of response variables for the GC1 trial and combined
trials of G2 and GC3 were present, many of these could be attributed to differences in the
tests. The GC1 had fewer replications and only two, widely differing inoculum levels.
The trials GC2 and GC3 had a greater number of replications, three inoculum treatments
including the intermediate 2.3k inoculum level. The GC1 was inoculated later after
germination than the other two trials. Therefore, trends in means, rather than numeric
values, were of more importance when comparing genotype and inoculum impacts across
the GC1 and the combined GC2 and GC3 analyses.
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Nematode Resistance
RF, soil nematode counts, and egg counts were similar for the GC1 and combined
GC2 and GC3 analysis. While the GC1 had overall lower RF and nematode associated
counts, the analysis revealed similar trends in response. It is also important to keep in
mind that nematode reproduction and resistance responses is highly variable and
impacted by numerous factors, including the nematode population, the time of year,
variation in soil and water, and air temperatures (Oostenbrink, 1968; Roberts, 1992;
Williamson and Hussey, 1996). In field conditions, this variability is further increased
with the addition of numerous abiotic and biotic factors, including other species of plant
parasitic nematodes, other pathogens, soil texture, and time of year (Seinhorst, 1970;
Roberts, 1992; Koenning et al., 2004).
Genotypes identified as resistant or moderately resistant to reniform nematode in
this study at both the 2.3k and 5.0k inoculum level include all resistance genes and their
combinations, excluding the Renbarb1 genotype, which provided no resistance and was no
different from the susceptible genotype for RF, egg and nematode counts. This supports
recent research that examined the contribution of each of the genes provided by the
BARBREN 713 germplasm line which found that the Renbarb1 marker did not contribute
to resistance and may not be an actual marker of resistance, and in fact recent research
has found that the BARBREN source of resistance is linked to a single QTL on
chromosome 21 (designated Renbarb2 ) and the QTL located on chromosome 18
(designated Renbarb3) (Wubben et al., 2017). Though not significantly different, likely due
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to the large amount of variation between the two susceptible genotypes and the highly
resistant genotypes, the Renbarb12 and Renbarb2 genotypes were less resistant than the gene
combinations including the Renlon genotype in regards to RF, especially at the 5.0k
inoculum level. This may indicate that there is some interaction resulting in an increase
of resistance due to gene combination or that the Renlon gene resistance mechanism is
taking effect.
While not all genotypes had RF lower than 1.0, all except the Renbarb1 genotype
were significantly lower than the susceptible genotype, indicating moderate levels of
reniform nematode resistance for the Renbarb2 and Renbarb12 genotypes (Boerma and
Hussey, 1992; Usery et al., 2005). Previous studies have found that the BARBREN
source of resistance provides slightly less resistance than the LONREN sources, so this
difference in resistance is unsurprising (Sikkens et al., 2012). However, this difference in
RF may be an indication of the Renlon resistance mechanism causing the lower nematode
reproduction compared to the Renbarb12 and Renbarb2 genotypes alone. This is also further
supported by the similarity of the Renlon possessing genotypes and the LONREN-2
resistant check.
Probable differences in resistance mechanism are further supported by the
difference between genotypes found in relation to soil and egg counts. For both inoculum
levels, plants possessing the Renbarb12 and Renbarb2 genotypes supported more nematodes
eggs on roots than the Renlon genotype and Renbarb/Renlon gene combinations. While the
exact method of resistance for the Renbarb genotypes are not fully defined, the resistance
mechanism associated with the Renlon gene is a hypersensitive response that effectively
lowers nematode reproduction, but it also likely associated with stunting (Sikkens et al.,
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2011). Therefore, the decrease in RF for Renlon combinations may be an indication of this
resistance mechanism taking effect, since there was no noticeable difference between
combined genotypes and the Renlon gene alone in relation to nematode and egg counts
and RF. The Renbarb12/Renlon genotype had the lowest nematode and egg counts (except
for nematode counts at the 2.3k inoculum level) and RF overall. Despite not being
significantly different, this may indicate some benefit to pyramiding these two genes for
improving resistance, and suggests that further research may prove useful.
Plant Response and Tolerance
In this study there was no strong indication of Renlon associated stunting caused
by nematode infestation. In previous studies using similar methods, stunting of plants
containing the Renlon gene was only significant at very high levels of inoculum (Sikkens
et al., 2011). It is possible that the inoculum levels chosen were simply not high enough
to generate a stunting response in Renlon genotypes through the course of the 60 day
growth period in 120cm3 soil.
Within the study, there were some genotypic and population associated
differences plant weights. For total dry weight, root dry weight, and node count, the
susceptible and Renbarb1 genotypes were consistently lower than other resistant genotypes
at both the 5.0k inoculum of GC1 and the inoculated levels of the combined analysis.
This indicates that not only are these genotypes not resistant, but they also lack tolerance.
It should also be noted that the Renbarb1 and susceptible genotypes did not have lower
weights or node count in the non-inoculated level of the GC1, further supporting that
there was some impact of inoculation, though not significant, in the combined analysis.
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For root dry weight and node count there was no significant difference indicating
Renlon stunting, and the Renbarb2/Renlon and Renbarb12/Renlon gene combinations had the
two highest root dry weights. While these genotypes were not significantly different, this
may suggest that combining resistance genes has benefits for plant growth. For total dry
weight, population MSU1212 overall had slightly higher total dry weight than population
MSU1211, though not always a statistically significant. There was also no indication of
LONREN associated stunting, and in fact many of the Renlon gene combinations were not
significantly different from the highest total dry weight, Renbarb2/Renlon in the MSU1212
population.
There was no strong indication of stunting in the shoot dry weight least squares
means, but evidence did support the lack of resistance in the susceptible and Renbarb1
genotypes, which had decreasing shoot dry weight as inoculum levels increase.
Previous research found a strong indication that Renlon associated stunting was not
as noticeable in growth chamber studies for intermediate levels (2.3k and 5.0k inoculum
levels in this case) of reniform nematode inoculation (Sikkens et al., 2011). This is likely
the reason that no strong indication of Renlon gene stunting was present in this study,
though there are notable trends in data to suggest that there is some benefit of combining
the tolerant and resistant Renbarb genes with the resistant but intolerant Renlon gene,
particularly in the analysis of plant measures like root dry weight. Further research would
likely clarify these trends and determine if there is any benefits of gene combination for
nematode resistance and plant growth.
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Conclusions and Future Research
In the future, if there is interest in finding a use for the Renlon gene and the
LONREN germplasm source of resistance further studies will have to be conducted to
clarify trends in gene combinations effects related to both reniform nematode resistance
and plant response to infection. More trials similar to the ones used in this study would
provide further focus on what is occurring between the two resistance sources, as this
study only found that they were resistant and did not detect any significant differences
between either resistance sources. Field testing may also reveal something more about the
interaction of these genes. Conducting a yield trial in both reniform nematode infested
and reniform nematode free fields as originally intended would have allowed for
comparison of genotype effects on important yield traits, as well as another opportunity
to measure and compare RF and nematode counts across genotypes.
A field trial would have also allowed another opportunity for detection of
LONREN associated stunting. The stunting was first noted in field conditions by both
breeders and nematologists (Nichols et al., 2010). Field trials would offer an entire
growing season for stunting to potentially occur, and as previously mentioned, offer the
opportunity to compare gene combinations effects on yield and quality traits, an
important aspect of all breeding efforts. Stunting and nematode population development
could be determined throughout the growing season, to see if there was any pattern
associated with resistance mechanisms, plant growth, and reniform nematode population
development associated with resistance gene combinations.
Besides addition of a field experimentation to the study, improved breeding
population development would have provided more populations of comparison for gene
combination effects. Use of selfing in earlier generations and winter nursery increases
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with MAS would have both improved the likelihood of recovering more than two
populations with a complete set of genotypes, as well as increased the number of times all
plants were marker tested. In this study, a small level of segregation was still occurring
even at the F6:F7 generation. Having a stable breeding population would have lowered
the number of replications lost due to inconsistent marker results, and thus improved the
design of the test.
Germination problems could have been addressed by a uniform hot water
treatment prior to each trial. Germination problems associated with the parental checks,
LONREN-2 and BARBREN 713, could have been prevented by obtaining higher quality
seed. Having the correct number of replications for these two standard resistant lines
would have provided this study with a better comparison of resistant genotypes to
measure resistance and detect any improvement or decrease in resistance. These changes
would have improved the test overall, and possibly lead to more definitive results
regarding the changes in resistance due to gene combinations.
While the BARBREN germplasm line is currently available as a host-plant
resistance source for reniform nematode and tolerates infections without yield loss, it is
still important to continue to search for and improve on reniform nematode resistance
(Bell et al., 2015). The LONREN germplasm source of resistance has known
hypertensive reactions to reniform nematode infection, there was no indication of
stunting in this study for genotypes combining the Renlon gene with the Renbarb genes.
Since all genotypes still exhibited reniform nematode resistance, it would be beneficial to
conduct further studies to determine if LONREN germplasm associated stunting occurs
in combined genotypes at either higher inoculation levels or if field conditions. In
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conclusion, the tolerance of the BARBREN source of resistant may be beneficial when in
combination with the LONREN germplasm source of resistance and combining the two
sources of resistance results in nematode resistance similar to that of the LONREN
germplasm. As long as reniform nematodes continue to be a problem in cotton
production, host plant resistance sources is needed.
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